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COMPUTER PROGRAM FOR QUASI-ONE-DIMENSIONAL COMPRES SIBLE FLOW
WITH AREA CHANGE AND FRICTION - APPLICATION TO GAS FILM SEALS
by John Zuk and Patricia J. Smith

Lewis Research Center

SUMMARY

The computer program, AREAX, presented in this report calculates the properties
of compressible fluid flow with friction and area change. The program carries out a
quasi-one~dimensional flow analysis which is valid for laminar and turbulent flows under
both subsonic and choked flow conditions. The program was written to be applied to gas
film seals. The area-change analysis should prove useful for choked flow conditions with
a small mean film thickness, as well as for face seals where radial area change is sig-
nificant.

The program requires the seal geometry, the reservoir conditions, and the gas
properties as input. It will then calculate seal mass leakage and volume leakage; force;
center of pressure; and distributions of pressure, temperature, density, mean friction
factor, Reynolds number, friction parameter, velocity, and Mach number across the
seal for both laminar and turbulent flow regimes and for choked and subsonic flow.

The program is written in FORTRAN IV. Input, internal calculations, and output
can be in either the International System of Units (SI) or the U.S. customary system.

This report includes a description of the program, a summary of the mathematical
model on which the program is based, a complete description of the input variables, and
sample input and output.

INTRODUCTION

Shaft seals in advanced rotating machinery, such as in advanced aircraft turbine en-
gines, will operate at higher speeds, temperatures, and pressures than shaft seals in
current use. Because of these severe operating conditions, a positive face separation
(no rubbing contact) is required for long life and reliability (ref. 1). However, seal-
face deformation is very likely to occur.



These deformations may be caused by various distortions (thermal, centrifugal,
pressure, etc.). Seal-face distortions become more pronounced under severe operating
conditions and are usually detrimental to seal performance. Hence, prediction of these
face deformation effects on gas-film-seal performance is of paramount importance.
This report presents an analysis and computer program to enable prediction of gas-
film-~face-seal performance when face deformations and/or radial area change is signif-
icant. The analysis is especially useful for choked flow conditions.

The computer program presented in this report, AREAX, calculates the properties
of compressible fluid flow with friction and area change across shaft face seals. It ex-
tends the capabilities of the program QUASC (ref. 2) to account for the change in flow
properties resulting from radial area change and face deformations represented by
linear distortions of the seal faces. The mathematical model for this analysis is given
in the next section. The analysis includes viscous friction, fluid inertia, area change,
and entrance losses. Rotational effects and body forces are neglected. The model is
valid for subsonic flow and for choked flow. It is also valid for both laminar and turbu-
lent flow regimes.

Computer programs have proven useful in seal design, where much of the physical
information of interest is difficult to determine experimentally. The program QUASC
has proven to be a good model for most applications. It rapidly evaluates physical quan-
tities of interest. However, QUASC is valid only for parallel sealing surfaces and
constant-area flow. The program presented here should be used when the effects of
seal -face distortions are desired and when the radial area change is significant.

Some of the physical parameters of interest in designing a seal are the leakage, the
pressure distribution across the seal, and the opening (separating) force. These and
other parameters are determined by the program AREAX for specified seal geometries
(flow length, gap, surface deformation), reservoir pressures and temperatures, and gas
properties. The program also requires two additional parameters. One of these is the
variation of a mean Fanning friction factor with Reynolds number. The other is the en-
trance loss coefficient. The program input and output format are almost identical to
QUASC (except for the accounting of the face deformation and radial area change).

This report is intended to serve three purposes: (1) to give a summary of the quasi-
one-dimensional analysis of compressible flow with friction and area change, (2) to give
a detailed description of the computer program AREAX which performs this analysis,
and (3) to serve as a user's guide for AREAX.

QUASI-ONE -DIMENSIONAL FLOW ANALYSIS

The program AREAX is based on a mathematical model for sealing surfaces sepa-
rated by a narrow gap. One surface may be tilted with respect to the other. The model
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is valid for both rectangular strip surfaces and coaxial ring surfaces. A pressure dif-
ference exists across the sealing dam. The cavities on either side of the sealing dam
are assumed to be constant-pressure reservoirs.

The flow is assumed to be quasi-one-dimensional. It has been shown that the ef-
fects of rotation for a circular ring seal geometry are negligible for most gas film seal-
ing applications (ref. 3). It is assumed that the rectangular surfaces do not slide with
respect to one another.

The flow analysis can be separated into two parts. The first is the flow in the pas-
sage itself, where the flow is assumed to behave as adiabatic flow with friction and area
change. The second part is flow in the entrance region. These two parts are discussed
separately.

Seal Leakage Passage Flow

It is assumed that the flow in the seal leakage flow region behaves as a variable-
area adiabatic flow with friction. A quasi-one-dimensional approximation is made
wherein it is assumed that the flow properties can be described in terms of their cross-
sectional averages.

The following assumptions have been made in the analysis: (1) the effects of rotation
are negligible; (2) the flow is adiabatic; (3) no shaft work is done on or by the system,;
(4) no potential energy gradient is present, such as caused by evaluation difference, etc;
(5) the fluid behaves as a perfect gas. In addition to these assumptions, a simplification
to the area change is made in the momentum equation where P dA and A dP >>dA dP,
or A >>dA. This assumption should be satisfactory for most sealing applications.

The control volume is shown in figure 1. The governing equations with area changes
reduce to the following differential forms (all symbols are defined in appendix A):

Conservation of mass:

2
gﬂ + }_ d_u__ + % =0 (1)
p 2 u2 A
Conservation of energy:
dT 7 - 1,2 du®
Y M®=—=0 (2)
T 2 2



Equation of state:

Q:gg.}.g}‘_ (3)
P p T

Conservation of momentum (for a small area change):

-AdP -7 dA_=Mdu (4

With the introduction of the mean Fanning friction factor 1 and the hydraulic
diameter D

dP

T-_9x =1(x) for radial flow

29u2
D

D= AA 2h  for radial flow between parallel disks and plates
?
\'

equations (1) to (4) can be combined into a single equation (5)

) -2<1+uM2> yM2<1+7"1M2) _
am2 2 dA 2 4F dx

= —+
a2 1 - M2 A 1 - M2 J D

(5)

Equation (5) will be referred to as the Mach number equation. This equation is identi-

cal to the equation obtained from the Table of Influence Coefficients for generalized one-
dimensional flow in references 4 and 5.

The other dependent variables can be found in a similar way and are

du__ -1 aA _yM%  dfax

(6)




dT & -DM2 aA v - OM? dfax )

T .M & 29-m3 D
d M2 qA 2 4
P 1-M2 A 20-m3 P
2 yMz[l by - 1)M2] -
dP _ _yM~ dA | 4f dx (9)

Solving equation (5) for 4f dx/D and substituting that into equations (6) to (9) give

2

T 2 1 + ')’ - 1 M2
2
dp dA am?
dp_ _dA _ (12)
P A a2 (1 fr=1 M2>
2

2 2
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P A 2M2(1 Y ; 1 Mz)

Equations (10) to (13) can be integrated directly from the point of interest (MX,AX)
to the point of choking (M* = 1,A*) since the variables are separable. Theintegration
gives the following equations:

(14)




(15)

(16)
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Hence, once the Mach number distribution is known, the physical quantities of interest
can be found.

With the introduction of the definition of the flow area A, the radius r, and the film
thickness h

A = 27rh for the coaxial ring geometry

A =Wh for the rectangular plate geometry ue
r=Ry tx (19)
h=hy +xsin o (20)
| equation (5) can be written as
am2 2M2 (1 +Y2-_1 Mz) 9~ [h + F(x)sin ﬂ
= yM“f(x) - (21)

where




x  for flow with no radial expansion

F(x) = ﬂ R, +x  for radial outward flow

LRz -X for radial inward flow

and x =0 is defined as the flow entrance whether the flow is radially inward or outward.
The mean friction factor varies with Reynolds number according to the relation (ref. 6)

T-_k_ (22)
Re"

Consequently, i is an implicit function of x. Equation (21) can be integrated numeri-
cally from the point of interest (x, M) to the point of choking (x* ,M* = 1).
Other equations that are needed are those for Reynolds number and Mach number:

Re = ouD (23)

M=E=—————u (24)
c

Entrance Flow

The entrance flow region can be assumed to be an isentropic and adiabatic expan-
sion (ref. 6). Since real entrance flows are not isentropic because of viscous friction,
turning losses, and so forth, the entrance loss is accounted for by introducing an em-
pirically determined entrance velocity loss coefficient CL into the isentropic equations.
The resulting entrance equations for temperature and pressure become

T
i 1 (25)

T 2
M
0 1+Y'1 1

2 CL

and




P
1. 1 (26)
P

When CL = 1, theflow is isentropic. When C, islarge (e.g., 30), the entrance
losses become negligible.

SOLUTION OF EQUATIONS

The equations developed in the preceding sections, plus the equation of state written
as

(27)

° |
I
)
=

must now be solved. The independent variable is chosen to be x, the distance across
the seal face (fig. 2), with the x origin always located at the flow entrance. The known
parameters are

P, sealed-gas pressure (upstream reservoir pressure)

P3 ambient pressure (downstream reservoir pressure)

TO sealed-gas temperature (upstream reservoir temperature, also the stagnation
temperature)

CL entrance velocity loss coefficient

AR distance across face of sealing dam
h(x) film thickness distribution
k,n constants in friction factor - Reynolds number relation

These two constants (k,n) apply to laminar flow (Re = Re;) and turbulent flow (Re = Rey),
respectively. For flow in the transition region (Re; <Re <Re,), variation of the fric-
tion factor with Reynolds number is determined by an interpolation method which is de-
scribed in appendix B of reference 2.

There are two types of flowthat must be considered: (1) choked flow, when the exit
Mach number is 1 and the exit pressure is greater than the ambient pressure; and
(2) subsonic flow, when the exit Mach number is less than 1 and the exit pressure equals
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the ambient pressure. The method of solution is the same for both types of flow. How-
ever, the boundary conditions are different. (The lengths and stations used in the analy-
sis are illustrated for the subsonic-~flow case in fig. 3.)

In both cases, equation (21), the Mach number equation which relates Mach number,
flow distance, and friction is a differential equation which must be solved numerically.
The fourth-order Runge-Kutta method is used. Since equation (21) is a first-order dif-
ferential equation in x and Mz, one boundary condition on M2 is needed. The only
known condition is at x = x* R M2 = 1. Equation (21) is solved by guessing a value M%
for M2 at x = 0 and integrating until M2 = 1. The final value of x is x . Since the
Mach number is known to vary rapidly as x approaches x* , the interval of integration
is divided into small subintervals in that region.

For choked flow, the solution of the equations for this case is as follows: a value of
M% is guessed, the Mach number equation is solved, and x* isnoted. If x* = AR,
the solution is complete. If x* # AR, new values of M% are guessed until the condition
x* = AR is satisfied.

For subsonic flow, the solution of the equations for this case is as follows: a value
of M% is guessed, the Mach number equation is solved, and x* is noted. If x* is
less than AR, new values of M% are guessed until the solution of the Mach number
gives a value of x* greater than AR. When a satisfactory x* is found, P2 is calcu-
lated. If P2 and P3 are equal, the solution is complete. If P2 and P3 are not
equal, new values of M% are guessed until the condition P2 =P 3 is satisfied.

COMPUTER PROGRAM

The program AREAX which performs the analysis of quasi-one~dimensional flow
with friction and area change across shaft face seals is written in FORTRAN IV for the
IBM 7094I1/7044 direct couple computer at the Lewis Research Center.

The program must be supplied with the geometry of the seal, the gas properties,
the reservoir conditions, the constants for determining the variation of mean friction
factor with Reynolds number, and certain logical variables which control output. Input
and output can be in either the International System (SI) or the U.S. customary system
of units.

In general, AREAX performs the following operations in analyzing the flow across
a seal: It reads the input data and checks that these data are consistent. For instance,
there are three input variables which can determine the flowlength. Since only two are
necessary, the third must be made consistent with the other two. When the input data
have been read, AREAX analyzes the flow for each combination of film thickness and
tilt angle.



The program first solves the Mach number equation and determines the Mach num-
ber distribution across the seal face. AREAX then determines the distributions across
the seal face of pressure; temperature; density; velocity; mean friction factor;
Reynolds number; mass and volume flow rates; Knudsen number; seal opening force;
center of pressure; and where appropriate, rotational Reynolds number, variables asso-
ciated with power dissipation, and axial film stiffness.

When these data have been calculated, the Mach number distribution across the seal
face is punched on cards. Since the running time of the program can be fairly long, it is
convenient to restart it and not have to rerun the cases that are complete. When all the
data for all the film thicknesses have been calculated, AREAX writes the output data with
appropriate labels and headings.

To increase program efficiency and to facilitate program writing, AREAX includes
a number of subprograms. Figure 4 shows the heirarchy of the subprogram calls.
Variables are transmitted between the main program and the subprograms through
labeled COMMON storage. A more detailed description of AREAX and descriptions of
the subprograms are given in appendix B. Since the programs AREAX and QUASC are
so similar, the numerical methods described in reference 2 apply to both programs.

The formulas for the parameters calculated by AREAX are listed in table I. When
the flow is in either the transitional or turbulent flow regime, the power loss due to ro-
tation is not calculated. Also, there is no Reynolds number criterion for determining
turbulence due to rotation. A complete list of the variable names used by the program
is given in the program listing in appendix C. Flow charts of AREAX and the subpro-
grams are also in appendix C.

Input Data

Input to AREAX is by punched cards. The NAMELIST feature of FORTRAN IV is
used to read the data. This feature allows the individual variables to be named and
eliminates complicated card formats.

The first card required by AREAX is a title card. The title identifies the data and
uses columns 1 to 72 of one card. It is read by format (12A6).

The next cards required by AREAX contain the parameters in NAMELIST /SEAL/.
These parameters define the seal geometry, the gas properties, and the logical varia-
bles. The variables in /SEAL/ are listed in table II. The next cards required contain
the parameters in NAMELIST /HDATA / which define the gap. These parameters are
listed in table III. The last cards required contain the parameters in NAMELIST/
RESDAT/ which define the reservoir properties. These variables are listed in table IV.
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Qutput

Computer output consists of the input data and calculated parameters. If input is in
SI units, output is also in SI units. If input is in U.S. units, output is also in U.S. units.
The printed output parameters are identified, and the units of each are also printed. A
sample of the output data appears in appendix D.

The first page of the output contains the title which identifies the data; the input data
as they are read from cards; the checked input data; the calculated parameters - mean
flow width and gas constant; and a list of what optional parameters will be calculated,
namely power, normalized center of pressure, pressure profile factor, and distributions
across the seal face. The key at the bottom of the page identifies the flow regime asso-
ciated with a particular film thickness. The key is as follows:

/  choked flow
+ flow in laminar-turbulent transitional regime
T flow in turbulent regime

The second page contains lists of parameters that vary only with mean film thick-
ness. These parameters are mass flow rate, standard volume flow rate, mean Knudsen
number, mean free path of the gas molecules, axial film stiffness, sealing dam force,
center of pressure, normalized center of pressure, pressure profile factor, rotational
flow Reynolds number, choking pressure, choking distance, power, heat generation due
to viscous shearing, apparent temperature rise due to power dissipation, and torque.
Power and parameters based on power dissipation are not printed for the transitional or
turbulent flow regimes since they are not calculated.

The third and following pages contain lists of parameters that vary with radial dis-
tance as well as with mean film thickness. These parameters are film thickness, Mach
number, velocity, density, pressure, temperature, Reynolds number, and mean friction
factor. The maximum and minimum film thicknesses, the mean film thickness, the rela-
tive area change, the area change with respect to radial distance, and the tilt angle for
each film thickness are printed above each set of lists.

SAMPLE PROBLEM

An example of the use of the computer program is given here with the following
conditions: Air at 45 N/cm2
10.3 N/cm2 abs (15.0 psia) by a coaxial ring seal operating in the externally pressur-
ized mode. The mean temperature of the pressurized air is 311 K (100° F). The seal-
ing dam outside diameter is 16.84 centimeters (6.630 in.), and the inside diameter is

abs (65.0 psia) is to be sealed from ambient air at
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16.58 centimeters (6.530 in.). The seal faces are separated by a negative linear tilt
of 1 milliradian. (The smallest gap islocated at the outer radius.) The design surface
speed is 61 meters per second (200 ft/sec).

It is desired to find a design film thickness which is large enough so that power dis-
sipation and viscous heating temperature rise are sufficiently low, yet small enough so
that the mass leakage is tolerable. From our experience, the best method is to try
mean film thickness inputs of 7.62 to 25.4 micrometers (0.3 to 1.0 mil) in increments
of 2.54 micrometers (0.1 mil). However, to give a sample output for transitional flow
and turbulent flow, the range of film thicknesses has been increased to 40.64 microm-
eters (1.6 mils). For this study, isentropic entrance conditions are assumed. Thus,
the program input will include

Mean rotational velocity, V, m/sec (ft/sec) . . . . . . . . ... ..., 61 (200)
Molecular weightofgas, m. . . . . . . . . . . .. ... o 0o o e 28.9660
Reservoir temperature, T, K CF) . e 311 (100)
Reservoir pressure (highest pressure), PO’ N/cm2 abs (psia) . . .. ... .. 45 (65.0)
Ambient pressure (lowest pressure), P3, N/cm2 abs(psia) ... ...... 10.3 (15.0)
Specific heat at constant pressure, Cps J/kg-K (Btu/Ibm-°R). . . .. ... .. 103 (0.24)
Film thickness (increase in increments of 2.54 pm (0.1 mil)),

hy pm(mil) . . ... ... e 7.62 to 40.64 (0.3 to 1.6)
Tilt angle, a, rad . . . . . . . . L L L e e e e e e e e e e e e e e e e e -0.001
Inner radius, R, cm 0 T 8.300 (3.265)
Flow length, AR, em (in.) . . . . . . . . . . v v i it i i i v i oo e 0.127 (0.050)
Specific-heat ratio, 1 . . . . . . ¢ . . i i e e e e e e e e e e e e e e e e e e e e 1.4
Numerical constant in laminar friction factor - Reynolds number relation, k; . . . . . 24
Exponent in lamijnar friction factor - Reynolds number relation, n, . . ... .. .. 1.00
Numerical constant in turbulent friction factor -~ Reynolds number

relation, kt ..................................... 0.079
Exponent in turbulent friction factor - Reynolds number relation, n, . . . . . . . . 0.25

Loss coefficient, CL

The input data sheet for this sample problem is given in table V, in both SI and U.S.
units. Plots of profiles of pressure, temperature, density, Mach number, Reynolds
number, and mean friction factor for a mean film thickness of 12.7 micrometers
(0.5 mil) are shown in figure 5.

REGION OF VALIDITY AND USAGE AND PROGRAM EFFICIENCY

Results obtained using the AREAX computer program are compared with known
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solutions to check their validity. The first case considered is a parallel-film seal with
a relatively large radial area change.

Figure 6 shows both the pressure distribution for pure radial viscous flow found
from this variable-area analysis (AREAX) and the analytical solution obtained from the
classical viscous flow model (ref. 3), which is

1 NY1/2
2 ln —];
P2 r
Pe =P+ 5T - =t (28)
1 In -—1-
L 2
-/

The conditions are representative of aircraft idle operation: P0 = 45 N/cm2 abs

(65 psia), Py =10.3 N/cm2 abs (15 psia), Ty = 311K (100° F), R, =5.880 centimeters
(2.315 in.), and R, = 8.410 centimeters (3.315 in.) (AA/A = 0.43). The parallel-
surface case of 12.7-micrometer (0.5-mil) film thickness was solved. The variable-
area analysis shows excellent agreement with the analytical solution. Also shown in fig-
ure 6 is the pressure profile obtained when a constant friction factor calculated at the
mean radius is used. This constant-friction-factor approach slightly underestimates
the pressure along the seal passage length.

Figure 7 compares the pressure profiles obtained by using the area expansion
analysis with those from the viscous flow solution for the case of a positive linear tilt of
1 milliradian. The pressure profile predicted by the viscous compressible flow solution
is (ref. 7)

-~ \1/2

2] . 1 xh2(2h + oX)
P, 2¥1

(R, - R1)2hm(h1 + ax)2
L J

The conditions are the same as for the case shown in figure 6, except that R1 equals
8.300 centimeters (3.265 in.). Hence, the radial area change is negligible.

At a mean film thickness of 5.1 micrometers (0.2 mil) and a positive linear tilt of
1 milliradian, there is excellent agreement between the present analysis and the small-
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tilt analysis of reference 7. Also shown in figure 7 is the corresponding case of a nega-
tive linear tilt of 1 milliradian but a mean film thickness of 4.4 micrometers
(0.175 mil). Again, excellent agreement is found.

Figure 8 shows pressure distribution results obtained from the present analysis for
a divergent tilt of 2 milliradians. Distributions for mean film thicknesses of 2.5, 5.1,
7.6, and 12.7 micrometers (0.1, 0.2, 0.3, and 0.5 mil) are presented. The other con-
ditions were P = 148 N/cm? abs (215 psia), P, = 10.3 N/cm? abs (15 psia), T, = 700 K
(800° F), Ry=8. 300 centimeters (3.265 in.), and R, = 8.410 centimeters (3.315 in.).
These conditions are representative of advanced aircraft cruise conditions (ref. 1).
These conditions represent subcritical (subsonic), critical (P2 = Pg and M, = 1), and
supercritical (choked) flow conditions. Also shown is the parallel-film pressure pro-
file for 2. 5-micrometer (0. 1-mil) film thickness. This is the classical parabolic pro-
file for viscous compressible flow. In addition, figure 8 shows a supercritical flow
pressure profile for parallel sealing surfaces and for a film thickness of 12.7 microm-
eters (0.5 mil) which was obtained using the constant-area analysis (QUASC) of refer-
ence 2. The present analysis shows excellent agreement with this parallel-film profile
with a 12, 7T-micrometer (0. 5-mil) film thickness. Similar results were found for the
case of 2-milliradian convergent tilt.

Experience has shown that QUASC (ref. 2) performs each film-thickness case six to
ten times faster than AREAX. Hence, for parallel surfaces, QUASC is more efficient
and should be used. The small-seal-face-deformation cases using AREAX on the IBM
7094 /7044 direct couple computer required about 0.16 minute for each film thickness
where the flow was choked and about 0.5 minute for each film thickness where the flow
was subsonic.

For small face deformations and subsonic flow conditions, the analytical solution
(ref. 6) should be used. For deformed surfaces with a relatively large mean film thick-
ness and choked flow, QUASC (ref. 2) may give satisfactory results (faster computer
solution time). For a more complete solution, AREAX should prove useful for choked
flow conditions with a relatively small mean film thickness, as well as for face seals
where radial area change is significant.

CONCLUDING REMARKS

A summary of the quasi-one-dimensional analysis of compressible flow with friction
and area change has been presented. Also, a detailed description of the computer pro-
gram AREAX, which performs this analysis, is given. This program has proven useful
in extending the capabilities of the computer program QUASC by including the area
change due to (1) change in radius and (2) deformed seal faces represented by a small
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linear tilt. Results obtained using AREAX showed excellent agreement with analytical
solutions for pure radial viscous flow and for viscous flow with a small tilt of the sealing
surfaces. Favorable agreement was also found between AREAX and QUASC (ref. 2) for
a parallel film under choked flow conditions. An example mainshaft seal problem is also
given.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 7, 1973,
501-24.
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APPENDIX A

SYMBOLS

area

entrance velocity loss coefficient

speed of sound

specific heat at constant pressure

hydraulic diameter (D = 2h for coaxial rings and narrow slots)
seal opening force

dimensionless seal-opening-force pressure profile factor
mean Fanning friction factor

shear heat

film thickness (gap)

mean Knudsen number, X /h m

numerical constant in friction factor - Reynolds number relation

Mach number, u/‘/ vRT

mass flow

molecular weight of gas

exponent in friction factor - Reynolds number relation
pressure

wetted perimeter

volume leakage flow rate

inner radius

outer radius

sealing dam radial width (physical flow length), R, - Ry
gas constant (universal gas constant/molecular weight)
universal gas constant

Reynolds number

Reynolds number of leakage flow




Re(r) Reynolds number of rotational flow

T radius

S axial film stiffness

T temperature

u leakage flow mean velocity (x-direction)
v mean rotational velocity

w flow width

X flow direction coordinate

X, center of pressure

Yc dimensionless center of pressure

a relative inclination angle of surface (positive « designates h2 > hl)
Y specific-heat ratio

A mean free path of gas molecules

" absolute (dynamic) viscosity

p density

T shear stress

Subscripts:

l laminar flow

m mean

max maximum

t turbulent flow

w wetted surface area or wall

X location along flow leakage length from entrance
0 sealed (reservoir) conditions

1 flow entrance conditions

2 flow exit conditions

3 ambient sump conditions

Superscript:

* critical flow condition

17



APPENDIX B

DETAILED DESCRIPTION OF PROGRAM

This appendix contains details regarding checking the consistency of the input data,
traps for invalid data, and the subprograms. The variables mentioned in this appendix
are defined and listed either in the main-text section Input Data or in the program list-
ings (appendix C). Further details of numerical methods and subroutines that are used
by both AREAX and QUASC can be found in reference 2.

Main Program AREAX

The main program AREAX controls the complete quasi-one-dimensional analysis.

It defines the labeled COMMON storage for transmission of data among the subprograms.
It defines some constants and labels for the output. It reads the input data, checks that
these data are consistent, and rejects cases for which the input data are invalid. It
calls subprograms to solve the Mach number equation and to determine the distributions
across the seal face of pressure, temperature, density, velocity, mean friction factor,
and Reynolds number. It calculates the other parameters associated with the flow, such
as mass flow rate, and writes the output. AREAX then transfers to read new input data.

The labeled COMMON storage defined by AREAX contains constants needed by the
subprograms and the output data. Most of the variables in the COMMON blocks are
listed in tables VI to IX. The COMMON blocks not described contain variables which
are useful in the operation of the program but are not necessary for the analysis. The
variable names and the array names are not listed because the names are not the same
in all the subprograms.

There are two kinds of parameters in the COMMON block /ARRAYS/ (table VI): one
is the distributions across the face of the seal, the other is the integrated flow param-
eters that vary only with mean film thickness. The arrays are dimensioned for 20 film
thicknesses and 11 points across the seal face.

The parameters in COMMON block /CONSTS/ (table VII) are constants needed by the
program for internal calculations. The array CNVT has dimension (11,2). The first
column of the array contains constants for calculations in SI units. The second column
of the array contains constants for calculations in U.S. customary units. The variable
NSI is 1 for SI units and 2 for U.S. units. Table VII lists the parameters for which each
element of CNVT is used.

The arrays in COMMON block /TRAYS/ (table IX) contain the parameters used in the
solution of the Mach number equation for the film thickness under consideration.
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COMMON blocks /CTITLE/ and /PRNT/ contain the title, which identifies the data, and
the labels for identifying which parameters are calculated. COMMON block /LOGICL/
contains logical variables.

The program AREAX first reads the input data and checks that these data are con-
sistent. One parameter it checks for consistency is the flow length, RDIF. There are
three input variables that can be used to determine RDIF. These variables are RINNER,
ROUTER, and RDIFIN. Since only two are necessary, the third must be made consis-
tent with the other two. The check is made as follows: If RINNER # 0 and ROUTER # 0,
AREAX sets R1 = RINNER and R2 = ROUTER and then calculates RDIF = R2 - R1. If
RINNER # 0, ROUTER = 0, and RDIFIN # 0, AREAX sets R1 = RINNER and
RDIF = RDIFIN and then calculates R2 = R1 + RDIF. If RINNER = 0, ROUTER # 0, and
RDIFIN # 0, AREAX sets R2 = ROUTER and RDIF = RDIFIN and then calculates
R1 = R2 - RDIF. These three conditions are for the coaxial ring geometry. The varia-
ble WIDTH is calculated as 27R. If RINNER = 0, ROUTER = 0, and RDIFIN # 0, the
geometry is for the rectangular plate. Then AREAX sets RDIF = RDIFIN, and WIDTH
must be nonzero. Any other combination of RINNER, ROUTER, RDIFIN, and WIDTH is
considered an error since there is not enough information available to determine a non-
zero flow length and flow width. If this error condition exists, AREAX writes a mes-
sage and transfers to read new data from NAMELIST /SEAL/.

The second parameter that is checked for consistency is the pressure ratio. Three
input variables are available for determining the pressure ratio, but only two are neces-
sary. The check is made the same way as the check for flow length. If P1IN # 0 and
P2IN # 0, AREAX sets P1 = P1IN and P2 = P2IN and then calculates PRAT = P1/P2. If
P1IN # 0, P2IN = 0, and PRIN # 0, AREAX sets P1 = P1IN and PRAT = PRIN and then
calculates P2 = P1/PRAT. If P1IN = 0, P2IN # 0, and PRIN # 0, AREAX sets P2 = P2IN
and PRAT = PRIN and then calculates P1 = PRAT X P2. Any other combination of P1IN,
P2IN, and PRIN is considered an error. In that case, AREAX writes an error message
and transfers to read new data according to the input code. Since the flow may be
radially inward or outward for the coaxial ring geometry. AREAX chooses the larger
value of P1 and P2 to be the sealed-gas pressure PO and the smaller value to be the am-
bient pressure P3.

The third parameter that must be checked for consistency is the rotational velocity.
If SPEED # 0, CAPV is calculated from SPEED. If CAPV # 0 and SPEED = 0, SPEED
is calculated from CAPV. If both are 0, the system is considered static, and the logical
variable PWRSKP is set to . TRUE. to omit calculations involving power.

For each film thickness and tilt angle combination, AREAX calls subroutine
NCFLOW to solve the Mach number equation for the given film thickness. Subroutine
NCFLOW also punches the solution of the Mach number equation on cards for restarting
the program if it runs out of time. AREAX then calls subroutine DISTS to calculate the
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distributions across the seal face. Function subprogram SIMPS]1 is used for the numer-
ical integrations in the calculation of force and center of pressure. When all the data
for all the film thicknesses have been calculated, AREAX call subroutine STFNSS to
determine the axial film stiffness.

When all the calculations are complete, AREAX writes the input data, the
""checked'' input data, and the output data with appropriate headings and labels. The
final command in the program is a transfer to read new input data.

Subprogram NCFLOW

Subprogram NCFLOW controls the solution of the Mach number equation, for any
given film thickness and tilt angle combination. The subprogram calls subprogram RK1
to solve the Mach number equation. NCFLOW iterates first on the boundary condition
x* = AR. If xX* > AR, NCFLOW then iterates on the boundary condition P, = P,
When the solution for each film thickness is complete, NCFLOW punches the x distri-
tion and the Mach number distribution on cards for restarting the program.

Subprogram DISTS

Subprogram DISTS determines the distributions across the seal face of pressure,
temperature, Mach number, density, velocity, Reynolds number, and mean friction
factor. It uses a three-point Lagrange interpolation on the data from the solution of the
Mach number equation to get the Mach number distribution at the given x grid points.
It then calculates the other parameters as follows: temperature from equation (15),
velocity from the definition of Mach number, density from the continuity equation, pres-
sure from the equation of state, Reynolds number from the definition of Reynolds num-
ber, and mean friction factor from the friction factor - Reynolds number relation.

Subprogram PRESS
Function subprogram PRESS uses a three-point Lagrange interpolation to determine

the Mach number and film thickness at distance x across the seal face. Then pressure
is calculated from equation (17).
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Subprogram RK1

Subprogram RK1 solves the Mach number equation by the fourth order Runge-Kutta
solution. Since the flow must remain subsonic, there are traps built into the subpro-
gram to ensure that the Mach number remains less than 1. The initial guess for M1
is supplied by the calling program. The equation is considered solved when the final
M is 1.0. All variables and operations in this subprogram are in double precision. ‘

Subprogram SIMPS1

Function subprogram SIMPS1 uses Simpson's rule to evaluate the integrals in the
force and center-of -pressure equations, Reference 2 provides a detailed description of
this subprogram,

Subprogram STFNSS

|

Subprogram STFNSS performs a numerical differentiation to determine the axial 1

film stiffness. Reference 2 provides a detailed description of the numerical technique |
used,

Subprogram FRFUNC

Function subprogram FRFUNC determines the mean friction factor for a given
Reynolds number. FRFUNC examines the Reynolds number to determine whether the
flow is laminar, turbulent, or transitional. It then uses the input constants to deter-
mine f. I the flow is transitional, FRFUNC calculates f by an interpolation formula
developed in reference 2.

Subprograms FFUNC and XCFUNC
Function subprograms FFUNC and XCFUNC evaluate the integrands in the force and

center-of -pressure integrals. Both FFUNC and XCFUNC call subroutine PRESS, which
evaluates the pressure at any given x.
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Subprogram SORTXY

Subprogram SORTXY rearranges the ordered pairs of numbers (X(1), Y(1)),
(X(2),Y(2)), ..., (X(N), Y(N)), which are stored in arrays X and Y, in order of ascend-
ing X. The (X,Y) pairing is preserved.

Subprogram GRAFIC

Subprogram GRAFIC makes the following plots:

(1) Power against mean film thickness

(2) Center of pressure against mean film thickness

(3) Force against mean film thickness

(4) Pressure against x

(5) Temperature against x

(6) Density against x

(7) Mach number against x

(8) Reynolds number against x

(9) Mean friction factor against x

The subprogram presented here is a dummy routine to satisfy the call to GRAFIC
from the main program. Each user must write his own plotting subroutine, using the
dummy subprogram and the flow chart as a guide, that is appropriate to the plotting
devices available,

Subprogram BLOCK

Subprogram BLOCK is a block data subprogram to load constants into labeled
COMMON.
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APPENDIX C

FLOW CHARTS AND PROGRAM LISTING

AREAX

Define logical, real, and double precision variables, labeled COMMON storage, and NAMELIST |istsJ

(1)
(Read data identifica@

Read flow length data

| Check that flow length data are consistent l

Are flow length

data consistent? Write an error messagD

data, including INCODE

@ad film thickness and reser

V@

(Read film thickness data )
9

@ead reservoir data, including INCO®

‘ Check that reservoir data are consistent |

Are reservoir data
consistent?
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(Write data identification )

(Write fiow length and reservoir data )

iCaIculate program constants ‘

I

I Examine plotting array and set up array of labels to be printm

|

CWrite consistent input data and array of Iabel9

Read solution of Mach number equation
from previous running of program

>JDONE |

Calculate film thickgess
and critical area A

l Call subroutine NCFLOW to determine solution of Mach number equationJ

240

Call subroutine DISTS to determine profiles of pressure, temperature, density,
Mach number, velocity, Reynolds number, and mean friction factor

Calculate mass fiow rate, volume flow rate, Knudsen number,
mean free path of gas molecules, and rotational Reynolds number

Calculate power, shear heat,

Skip calculations based
temperature, and torque

on power dissipation?

J- J+_11|




¥

B:all subroutine STFNSS to determine axial film stiffnegl

Write output data
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NCFLOW

Comment: Use method of iteration to solve Mach number equation when flow is subsonic {i.e.,
when M2<1, x*> AR, P2= P3) and when flow is choked (i.e., whenM2=1, x* = AR, P2>P3)

@)

Guess a value for entrance Mach number M1

Change quess for M1 by linear curve fit 100

l Call subroutine RK1 to solve Mach number equatiol|

x*> AR, No Change guess for M1 by
? setting M1=M1 [x*/AR
Yes

[Calculate exit Mach number I

| Calculate exit pressure P2 |

160

Punch Mach number
distribution on cards

Have two points

Store M1 and P2
for curve fitting

been found such that
P2 < P3 for one and P2 > P3
for the other ?

I Do straight-line curve fit on the two stored pointﬂ

l&ad M1 from fitted curve that corresponds to P2 = P3




DISTS

()

1=2

Calculate temperature, pressure, density, and ve|ocitﬂ

1-1+1 +11

Y

PRESS

Search X-array for value of X closest to XX j

fSet PRESS equal P(|
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RK1

lgmment; Runge-Kutta solution of Mach number equation l

| Define double-precision constants and arithmetic function for M 2/dx ]

|

fYO = trial value for square of entrance Mach number—l

l Set initial values of N1 and NZJ

Set Y(1)= YO
DELX = fraction of AR

200

| Calculae K1, K2, K3, K4+= dM2dx for Runge-
Kutta solution of differential equation

|

[av K1+ 22+ K3) + Kdls |

1

[V -va-p+ay |

Reduce step size

N2=N1+9




SIMPS1

[Integrate entire intervall

ISet N =1, FRAC= ml

1

FRAC = %FRAC

Test = FRAC * ANS

<NE(D)

Evaluate integral from V(D) to VIN) |

KER = KER + 1

| Accumulate test answeil

Is
No /ntemal\ Yes

i Accumulate final answer|

accurate?
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STFNSS

Search XX array for laminar, choked floll—

3 Search XX array for turbulent, nonchoked flow

Error condition:
set derivatives

=4 MSearch XX array for turbulent, choked flowl

to zero I
[Arrange selected values of XX in ascending order
() |
[Form sums and products for Lagrange numerical differentiatiognl
— +4
IND=IND +1 IND
=4

Rearrange derivatives in original order of XX




FFUNC

LFFUNC = Pressure at X -~ P3]

SORTXY

Interchange X(I) and X(J)
Interchange Y(I) and Y{J)

XCFUNC

XCFUNC = {Pressure at X - P3) x7|
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GRAFIC

[Comment: Force and center of pressure already dimensionless|

| Define plot titles and labels ]
1

[ Search H array for maximum film thickness h and POWER array for maximum power]

Normalize h

Skip plot of

! No
h against power
?

{Normalize power

e -
LP|ot h against power)

Skip plot of
h against force

N°____( Plot h against foch

Skip plot of
h against center
of pressure

Plot h against center of pressure)

Normalize flow direction
coordinate x

Skip plot of

h against power Plot x against pressure )
?




Skip plot of No

X against temperature

— Normalize temperature]

Skip plot of No

Vg -
LPIot x against tem perature)

x against density
?

jj Normalize density |

No

{Plot X against densitD

e A
\Plot X against Mach numb@

Plot x against Reynolds number)

Skip
plot of x
against mean

friction factor

Plot x against mean friction factor)
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34

QUASI-CNE DIMENSIONAL COMPRESSIBLE FLOW WITH FRICTICN AND AREA

CHANGE.

AREA CHANGE MAY BE DUE TO RADIAL EXPANSION AND/OR

RELATIVE TILTING OF THE SEALING SURFACES.

INPUT VARIABLES
ok ok ok KRRk Kok

TITLE = ALPHANUMERIC IDENTIFICATION OF THE DATA

NSI

R INNER
ROUTER
ROIFIN
WICTH
MOLWT
ce
MUIN
GAMM A
SPEED
CAPV
XLAM

XTUR 8
CONLAM
CUNTRB

RELAM
RETURB
PWRSK P

PRSSKP

NRMSK P

PLTSKP

NUMER ICAL SIGNAL WHICH INDICATES WHICH SYSTEM CF UNITS IS
USED FOR INPUT, QUTPUT, AND INTERNAL CALCULATICNS
(NSI = 1 MEANS SI UNITS = NSI = 2 MEANS US UNITS)

INNER RADIUS OF CIRCULAR SEAL

CUTER RADIUS OF CIRCULAR SEAL

DISTANCE ACROSS SEAL

FLOW WIDTH FOR SEALS WITH NO RADIAL EXPANSION

MOLECULAR WEIGHT

SPECIFIC HEAT OF GAS

RESERVOIR VISCOSITY FOR GAS OTHER THAN AIR

RATIO OF SPECIFIC HEATS

ROTATIONAL VELOCITY

SURFACE SPEED

EXPOINENT IN FORMULA FOR VARIATION OF FRICTION FACTOR
WITH REYNOLDS NUMBER FOR LAMINAR FLCW

EXPONENT IN FORMULA FOR VARIATION OF FRICTIUON FACTCR
WITH REYNOLDS NUMBER FOR TURBULENT FLOW

CONSTANT IN FORMULA FOR VARIATION OF FRICTION FACTOR
WITH REYNOLDS NUMBER FOR LAMINAR FLOW

CONSTANT IN FORMULA FOR VARIATICN OF FRICTION FACTCR
WITH REYNOLDS NUMBER FOR TURBULENT FLOW

LPPER LIMIT OF REYNOLDS NUMBER FCR LAMINAR FLCW

LOWER LIMIT OF REYNOLDS NUMBER FOR TURBULENT FLOW

LOGICAL VARIABLE = IF TRUE, SKIP CALCULATICNS
INVOL VING POWER

LOGICAL VARIARLE - IF TRUEsy SKIP PRINTCUT CF
DISTRIBUTIONS OF PRESSURE, TEMPERATURE, DENSITY,
MACH NUMBER, VELOCITY, AND FRICTION PARAMETER
ACROSS THE FACE OF THE SEAL

LOGICAL VARIABLE - IF TRUE, SKIP NORMALIZATIQN OF
FORCE AND CENTER OF PRESSURE

LOGICAL ARRAY = [F ANY ELEMENT IS TRUE, SKIP TFE
PLOT OF THE CORRESPONDING VARIABLE
PLTSKP(1) — POWER VS CHARACTERISTIC FILM THICKNESS
PLTSKP({2) - CENTER OF PRESSURE VS CHARACTERISTIC

FILM THICKNESS

PLTSKP(3) - FORCE VS CHARACTERISTIC FILM THICKNESS
PLTSKP(4) - PRESSURE VS X
PLYSKP{5) - TEMPERATURE VS X
PLTSKP(6) = DENSITY VS X
PLTSKP{T7}) = MACH NUMBER VS X

WD o RN D LA



OO0 OO0 OO0

HMEAN
ALPHA

NJ
JDONE

P 1IN
P2IN
PRIN
TOIN

LOSS
INCODE

PLTSKP(8) = REYNOLDS NUMBER VS X
PLTSKP(9) = MEAN FRICTION FACTOR VS X

MEAN FILM THICKNESS

TILT ANGLE

NUMRER OF FILM THICKNESS

NUMBER OF CASES COMPLETED IN PREVIOUS RUNNING
OF THE PROGRAM

PRESSURE AT INNER RADIUS OF CIRCULAR SEAL CR PRESSURE AT
ENTRANCE OF SEAL WITH NO RADIAL EXPANSION
PRESSURE AT OUTER RADIUS OF CIRCULAR SEAL CR PRESSURE AT
EXIT OF SEAL WITH NO RADIAL EXPANSION
PO/P3
SEALED GAS TEMPERATURE
ENTRANCE VELOCITY LOSS COEFFICIENT
INPUT CODE
INCODE=1y PROGRAM TRANSFERS TC READ NEW TITLE CARD
INCODE=2y PROGRAM TRANSFERS TO R:AD NEW SEAL DATA
INCODE=3, PROGRAM TRANSFERS TC READ NEW FILM THICKNESS
DATA
INCODE=4y PROGRAM TRANSFERS TO READ NEW RESERVCIR
DATA

OUTPUT VARIABLES
Bk ko b ook ok ok ok

X = DISTANCE ACROSS SEAL FACE

H

FILM THICKNESS THAT CORRESPONDS TO X

PARAMETERS THAT VARY ONLY WITH FILM THICKNESS
A A 2 28 RO KR oK R ok ok ok ok ok o ot oK ko ok Kok K

MDO T
Q

KN
LAMCA
RER
POWER
DELT
HSHEAR
TORQUE
FORCE
FRAR
XC
XCBAR
STIFF
H1

H2

MASS FLOW RATE

VOLUME FLOW RATE

KNUDSEN NUMBER

MEAN FREE PATH OF GAS MCLECULES
ROTATIONAL FLOW REYNOLDS NUMBER

POWER DISSIPATED DUE TGO V1 SCOUS SHEARING
APPARENT TEMPERATURE RISE DUE TO VISCCUS SFEARING
SHEAR HEAT

TORQUE

SEAL ING DAM FORCE

NORMALIZED SEALING DAM FORCE

CENTER OF PRESSURE

NORMALIZED CENTER OF PRESSURE

AXIAL FILM STIFFNESS

FILM THICKNESS AT INNER RADIUS CF SEAL
FILM THICKNESS AT QUTER RADIUS OF SEAL

PARAMETERS THAT VARY WITH FLOW LENGTH AND FILM™ THICKNESS
ate e ok e ok sk o oK sk e sk s el ol o ok o e el ook o o ol ok sk sotoole ok ekt ok X ok

P - PRESSURE
MACH - MACH NUMBER
U - RADIAL VELOCITY

167
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T - TEMPERATURE
RED -~ DENSITY
REP - PRESSURE FLOW REYNOJILDS NUMBER
FRICT = FRICTION FACTOR

PROGRAM VARIABLES - SCME OF THESE ARE OUTPUT, ALSO
Ak 3 o A A K K K KoK ok ko ok K ROk RK ok kK R ok

RC = RADIUS OF SEAL AT INLET (RO = R1 FOR INTERNALLY
PRESSURIZED CIRCULAR SEALS, RO = R2 FOR EXTERNALLY
PRESSURIZED CIRCULAR SEALS, AND RO = 0 FOR SEALS WITH NO
RADIAL EXPANSION)

RGAS = GAS CONSTANT
FAREA - SURFACE AREA
MU - RESERVOIR VISCOSITY
TO - SEALED GAS TEMPERATURE
PTOL - TOLERANCE FOR CUT-CFF CN PRESSURE ITERATICNA
HMIN = MINIMUM FILM THICKNESS
CNVT - ARRAY OF CONSTANTS NEEDED IN THE CALCULATICNS

(CNVT(I,1) ARE CONSTANTS IN SI UNITS)
(CNVT(I,42) ARE CONSTANTS IN US UNITS)

PARAMETERS CALCULATED AT PCINT OF CHCOKING
HRRA R Rk KRk KR KRRk kR KRR R KRR

XSTAR = DISTANCE FROM ENTRANCE TO POINT OF CHOKING
PSTAR - PRESSURE

ASTAR - CROSS-SECTIONAL AREA

TSTAR - TEMPERATURE

REAL MACHyMOLWT,LOSSyKNoLAMDA,MUIN, MU, MDOT

DOUBLE PRECISION XX,FM,yHH

LOGICAL PWRSKP,PRSSKP yNRMSKP, PLTSKP

EXTERNAL FFUNC,XCFUNC

DIMENS ION CALC(8y4),MDOT(2C),Q(20) +KN(20) 4LAMDA(20) yRER(20 ).

1 XC{20)y DELT( 20} yHSHEAR(20) yTORQUE (201 yHMIN(20})
COMMON 7ARRAYS/X{L11),P(L11420),MACH(LL,20) ,U(1L,200,T(L1,20),
1 REQO( 11y 20))REP(11920)FRICT(11,20) 4H(11 420) 4XCBAR(20),
2 POWER(20)+FORCE (20} ySTIFF(20) 4FBAR(20),yHL(20) 4H2(20) ,
1 ALPHA(20) 4yHMEAN (20}  XSTAR(20) yPSTAR(20) ASTAR(20)
COMMON 7/CONSTS /GAMMA yRDIF yROySIGNyXLAMy XTURBoC CNLAM , CONTRBy RELAM,
1 RETURB, TOyPOyP3,PTOLyRGASyLOSSsMUPI,RUNIV(2) ,CNVT(1142)4NSI

COMMON/TRAYS/Ny XX {201 ) yFM{2C1)4HH(201) 4 J,TSTAR
COMMON/CTITLE/TITLE(12)

COMMON/PRNT/C 1(4)4C2(4),C3(4),C4(4)C5(4),C6(4),CTL4),C8(4),BLANK
COMMON /LOGICL /PWR SKPy NRMSKP 3 PRSSKP 4 PLTSKP (9}

NAMEL I ST/SEAL/RINNERyROUTER yROIFINy WIDTH,yMCLWT yCPy MUINy GAMMA,CAPV,
1 SPEEDyXLAM, XTURB yCONLAM,CONTRB, RELAM, RETURB,PWRSKPyPRSSKP,

2 NRMSKP, PLTSKP4NSI

NAMEL I ST/HDATA/ HMEAN ,ALPHA4NJ, JOONE

NAMEL IST/RESDAT/P LINyP2IN,PRIN, TCIN,LOSS,INCODE

READ TITLE CARD AND SEAL DATA

100 READ(S5,¥) TITLE
110 REAC(5,SEAL)

ice
1S
11C
111
112
112
114
11¢
11¢
117
118
119
12¢C
121
122
123
124
125
12¢
1217
128
129
13C
131
1322
133
134
135
13¢&
1317
138
139
140
141
142
143
144
145
14¢
147
148
149
15C
151
152
153
154
15¢
15¢
157
15¢
159
16C
161
162
1€3



OO0

OO

OO0

[aEaNel

[eX e X el

111

112

113

114
115

11é

117
118
119

120

130

131

CHECK CCNSISTENCY OF FLOW LENGTH PARAMETERS

IF (RINMNER.EQ.O.0O)} GO TO 111
IF (ROLTERLEQ.0.0) GO 7O 112
R1 = RINNER

R2 = RCLTER

RDIF = R2-R1

GO TO 11¢

IF (ROUTER.EQ.0.0} GO TO 113
IF (RDIFIN.EQ.C.0) GO TO 114
RDIF = RDIFIN

R2 = ROUTER

R1 RZ-RDIF

GO TO 116

IF (RDIFIN.EQ.C.O} GO TO 114
RDIF = RDIFIN

R1 = RINNER

R2 R1+RDIF

GO TO 116

IF (RDIFIN.EQ.0.0) GO T0 114
RDIFf = RDIFIN

R1 = 0.C

R2 = 0.C

IF (WICTH.NE.O.C) GO 10 116

ERROR IN FLOW LENGTH DATA

WRITE (6410) TITLE,RINNER ROUTER ¢RDIFIN,WIDTH
REAC (5,RESDAT)H
GO TO (100,110, 115,115),INCODE

FLOW LENGTH DATA CONSISTANT
CHECK CONSISTENCY OF PLOT CONTROL PARAMETERS

IF (NRMSKP) PLTSKP({3)=. TRLE.
IF (.NCT.PRSSKP) GD 7O 118
DO 117 1=4,10

PLTSKP{I) = ,TRUE.

DO 119 I=1,11

X{I) = FLOAT(I-1)*RDIF/10.0

READ FILM THICKNESS DATA
REAC(5,+CATA)
READ RESERVOIR DATA AND CHECK CONSISTENCY OF PRESSURE DATA

REAC(5,RESDAT)

IF (P1IN.EQ.0.O) GO TO 134
IF (P2IN.EQ.0.0) GO 10 132
) § P1IN

P2 PZIN

1¢4
1€¢€
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168
166
17C
171
172
172
174
175
17¢
171
178
178
18C
181
182
182
184

19¢
191

19¢

202
202
204
205
2C¢
2017
2C8
206
21C
211
212
213
il4
21¢
21¢
211
218
218

31



PR = P1/P2
GO TO 140
C
132 IF (PRINLEQ.O.Q} GO 10O 132
PR = PRIN
Pl = P1IN
P2 = P1/PR
GO TO 140
c
133 P1 = P1IN
P2 = PZIN
PR = C,
GO TO 140
C
134 IF (PZ2INNELO.C) GO T0 131
c
C ERROR IN PRESSURE DATA
c
135 WRITE(€y12) TITLE
GO TO (100,110,12Cy130),INCODE
c
c PRESSURE CATA CONSISTANT
C
140 PO = AMAX1(PL,P2)
P3 = AMINI(PL,P2)
c
c WRITE INPUT DATA
c
WRITE (€,20) TITLE
IF (NSI.EQ.1) WRITE (6922) RINNERsPLINyNOLWT yRCUTERP2IN(Py
1 CONLAMyRDIF INyPRINyGAMMA ¢ XLAMyWIDTH,TOI Ny MUIN,RELAM, LCSS,
2 SPEED,CONTRB,CAPV,XTURB,RETURB
IF (NST.EQ.2) WRITE (6424) RINNERyPLINyMOLWTyRCUTER4P2IN,CP,y
1 CONLAMyRDIF INyPRINyGAMMA )y XLAM, WIDTH, TOI Ny MUIN RELAM, LCSS
2 SPEED,CONTRByCAPV,XTURB ,RETURB
c
c CALCULATE PROGRAM CONSTANTS
c
RGAS = RUNIV(NSI)/MOLWT
SIGN = 1.0
IF (WICTHWNE .0.C) GO TO 14l

WIDTH = PI*(R14R2)
FAREA = PI¥®(R 2%%2=R 1%x%2)

IF
RO
IF
GO

(P2.GT.P1) SIGN = ~1.0
= R1

(P2.GT.P1) RO=R2

T0 142

141 RO = C.¢&
FAREA = WIDTH*RDIF
CAPYV = (.0
SPEED = 0.0

142 TO
IF
MU
IF

N =

38

= TOIN
(NST.EQ.2) TO=TOIN+460.
= MLIN

(GAMMA ,EQ.1.4) MU=CNVT(L,NSI)* TO**1.5/(TO+CNVT (2,NSI))
ALOG10(P3)

220

i2¢
22¢
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23C

241
242

27¢C
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e XaXg]

143

144

145

14¢€
147

150

151
1151
152
1152
153
1153

154

1154

15¢

1155

15¢

PTOL = S.*10.**(N=-4)

IF (SPEED.EQ.0.C) GO TO 143

CAPV = PI*SPEED*#{R14R2)/CNVT(3,NSI}
GO TO 145

IF (CAPV.EQ.0.0! GO TO 144

SPEED = CNVT(3,NSI)*CAPV/PI/(R1#R2)}
GO TO 14¢

PWRSKP = L.TRUE.

cP = 0.0

IFf (PWRSKP}) PLTSKP({1)=.TRLE.

CALCULATE ENTRANCEy EXITy AND MINIMUM FILM THICKNESSES -~ ALSO
CALCULATE RADIAL DISTRIBUTION OF FILM THICKNESS

D0 147 J=14NJ

H1{J3) = HMEAN(J)-.50%*ROIF*SIN(ALPHA(J))

H2(J) = 2.0%HMEAN(JI-HL(J}
HMINC S ) = AMINI(HLI(J) ,H2( D))
D0 146 I=1,11

HU{I4J) = HL(J I+ (RO=RL+X(II*SIGNI*SIN(ALPHA(J})

CONTINUE
SET UP ARRAY OF LABELS

DO 15C I=1,8
00 150 J=1,4
CALC(I4,J) = BLANK
DO 160 I=1,8

GO TO (151,152+1534154+415591564157y158),1

IF (PWRSKP) GO TO 16¢C

D0 1151 J=1,4

CALCUI,J) = C1(J)

GO TD 160

IF (NRMSKP) GO TO 16C

DO 1152 J=1,4

CALC(I,J) = C2( )

GO TO 1¢0

IF (PRSSKP) GO TO 160

DO 1153 J4=1y4

CALC(I,J) = C3(J)

GO TO 160

IF (PLTISKP(L)) GO TO 1154
CALC(I,1) = Cal 1)
CALC(I,2) = C4l2)

IF (PLTSKP(2)) GO TO 160
CALC(I,2) = C4( 3
CALC(I,44) = C4(4)

GO TO 1¢€¢C

IF (PLTISKP(3)} GO TO 1155
CALC(I,1) = C5(1)
CALC(Iy2) = C512)

If (PLTSKP{4)) GO TO 1640
CALC(I,2) = CS(3)
CALC(I,4) = C5(4)

GO TO 160

IF (PLTISKP(5)) GO TO 115¢é
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CALC(1,1) = Cel 1)
CALC(Iy2) = Cél2)

1156 IF (PLTSKP(6)) GO TO 16C
CALC(I,2) = Ce(2)
CALC(I,44) = CE€(4)

GO TO 160

157 IF (PLTSKP(T)) GO TO 1157

CALC(I,1) = C7( 1)
CALC(I,2) = CT712)

1157 IF (PLISKP(8)) GO TO 16C

158

160

200

201

202

40

CALC(I,2) =CT(}
CALC(I,4) = CT(4)

GO TO 1€0

IF (PLISKP(9)) GO TO 16C
CALC(I,t) = C8(1)
CALC(I,2) = C8(2)

CONTINUE

WRITE CHECKED INPUT DATA

IF (NSI.EQ.1) WRITE (6921) RLyPOyMOLWT(CALC(Ly1)sI=1y4)R2,P3,

1 CPy(CALC(2y I)9I=194) 4RDIF yPRyGAMMA,(CALC( 391} ¢I=194) yWIDTH,
2 TO MUy (CALC (491 ) yI=1y4) yRGAS)SPEED, (CALC(S+1),4I=1,4),L0SS,
3 CAPVy(CALC(691)9I=194)y(CALC(T oIV yI=194)y(CALC(B,1)sI=1,4)

IF (NST.EQ.2) WRITE (6423) RLyPOJMOLNWT {CALCUL,I),I=144)yR24P3,y
1 CPy(CALC( 29 1) yI=194)RDIFPRyGAMMA, (CALC(391) 4I=144) WIDTH,
2 IOQMU'(CALC(QQ! "I=1'4) QRGAS’SPEED' (CALC(S'I ) 'I=1'4’ 'LOSSv
3 CAPV,{CALC(6yI1) s I=1434) 3 (CALC(To1)4I=1,4),(CALC(8, 1),yI=1,4)
WRITE (6,19}

BEGIN MAIN CALCULATION
DO 27C J=14NJ

CHECK FOR RESTARTING WHEN SCOME CASES ARc FINISHED BY PREVICUS
RUNNINC OF THE PROGRAM, IF JDONE IS GREATER THAN ZERQO, READ X AND
MACH NUMBER DISTRIBUTIONS CALCULATED BY PREVIQUS RUNNING OF THE
PROGRAM., CALCULATE H DISTRIBUTION AND A*. DIMENSICNALIZE X, X*,
P*, ANC T*,

IF (J.CT.JOONE} G0 70 21C

READ (S92) JJoNyPSTAR(JU) yXSTAR{JJ) ,TSTAR
IF (J.EQ.JJ) GO YO 2C1

WRITE (£&,415)

STOP

READ (S43) (XX{TI)yI=1yN)

READ (€43) (FM{I)yI=1,N)

DO 202 I=1,N

XX{1l) = xX{I)%RDIF

HH(T) = H1(J)+{RO=RI+XX{TI )*SIGN)}*SIN(ALPHA(J) )}
CONTINUE

PSTAR(J) = PSTAR(JI%PC

XSTAR(J) = XSTAR(J)I*RDIF

TSTAR = TSTAR*TO

ASTAR(J) = HH(N)
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210
240

245

250

26C

265

270
275

710

IF (RONEL0.O) ASTAR(J) =2 0%PI*(RO+XX{N}*SI GN)*HH (N)
GO TO 240

CALL SUBROUTINES YO OETERMINM SCLUTION OF MACH NUMBER EGQUATION AND
DISTR IBUTIONS OF PARAMETERS THAT VARY WITH X

CALL NCFLOW
CALL CISTS

CALCULATE PARAMETERS THAT VARY ONLY WITH FILM THICKMESS

MDOT(J) = WIDTH®H(6yJ 1 *¥RHO(65 J) *¥U(6 4 JI*¥CNVT (4 4NSI)

QCJ) = CNVT(5,NSI I*MDOT(J)

KNE{J}Y = 2.96%MACH{6,J) /REP(€4J)

LAMCA(JY) = KNUJI*HMEAN(J)

FMY = ML

IF (GAMMAEQele4) FMU=CNVT(LyNSII®T(6,J) %% .5/7(T{6,J)+CNVT (2,NSTI})
RER{J) = RHO( 64 JI*CAPVEHMEAN(J) /FMU/CNVTI{64NST Y

TF(PWRSKP) GO Ta 260

CALCULATE POWER, SHEAR HEAT,TORQUE, AND TEMPERATURE RISE DUE
TO POWER DISSIPATION

POWER(J)= Q.

IF (REP(6y9J).LE.RELAM) POWER{ J)=F MUXFAREASC AP V**2 /HMEAN( J)/
1 CNVT(TyNSI}

HSHEAR(J) = CNVT(8yNSI)*POWER( J}

DELT{J) = HSHEAR(J)/ABS{MDOT(J))/CP

TORQUE(J) = POWER(J)I*CNVT(S,NSIT ) /SPEED

CALCULATE FORCE AND CENTER OF PRESSURE

K=0

KK=0

FORCE(J) = SIMPSL(O.yRDIF 4FFUNCK)*WIDTH
XC(J) = SIMPS1{0.,RDIFyXCFUNC ,KK)*WIDTH/FORCE {J)
IF (K .NE.O) WRITE (6,13)

IF(KK .NE.O) WRITE(6,14)

IF (NRMSKP) GO TO 270

FBAR(J) = FORCE{(J)}/RDIF/(PDO-P3)/WIDTH
XCBAR(J) = XC(J)V/RDIF

CONTINUE

CALL STFNSS

WRITE QUTPUT DATA AND PLOT THEM (SUBRGUTINE GRAFIC?

IF (NS1.EQ.1) WRITE (€,25)

IF (NSI.EQ.2) WRITE (6,26)

DO 710 J=1,Ny

WRITE (6943) HMEAN(J) o HMIN(J) JALPHA(J) yMOCT(4),C(J) sRER(J),
1 STIFF(J ), FORCE(J)4XC(J)

IF (ABS(MACH(114J)-1eC)alTelaE=5) WRITE (6,45)

IF (REP(69J).GTRELAMAND.REP(65J) L T.RETURB) WRITE (6446)
I (REPl6yJ).GE.RETURB) WRITE (644T)

CONTINLE

388
389
390
39}
392
393
394
365
396
397
398
29¢
400
401
402
403
404
405
406
407
408
406
410
411
412
413
414
415
416
417
418
419
42¢
421
422
423
424
425
426
421
428
425
430
431
432
433
434
435
43¢
437
438
43¢
440
441
442
443

41




c

42

WRITE (€,27)

IF { JNCT .NRMSKP) WRITE (6,428)

IF (NSI.EQ.1) WRITE (6,29)

IF (NSI.EQ.2) WRITE (6,3C)

IF { «NOT NRMSKP ) WRITE (6431)

DO 720 J=14NJ

WRITE (6948) HMEAN(J) ,HMINUJ) JALPHA(J) 3 KN(J) ) LAMDAL( D),
1 XSTAR(J ), PSTAR( S)

1F U .NCT.NRMSKP) WRITE (64944) FBAR{J) yXCBAR(J)

IF (ABS(MACH(114J)=-1.0).LT.1.E~5) WRITE (6445)

IF (REP(€3J)eGTLRELAM.AND-REP(69J)eLT.RETURB) WRITE (6446)
TF (REP(6yJ)eGELRETURB) WRITE (6,47)

720 CONTINLE

730

140

745

150

IF (PWRSKP) GO TO 740

WRITE (€,32)

IF (NSI.EQ.1) WRITE (6,33}

IF (NST.EQ.2) WRITE (6,34)

D0 730 J=1,NJ

WRITE (6&y43) HMEANCJ) ,HMINCJ) JALPHA(J) (PCWER( J} yHSHEAR(J)» DELT(J),
1 TORQUE( J)

IF (ABS(MACH{ 119J)-1.0)L TelsE=5) WRITE (6,451}

IF (REP(69J)eGTRELAM.AND.REP(64J) L T.RETURR) WRITE (6446}
I1F (REP{6yJ).GE LRETURB) WRITE (6447)

CONTINUE

IF (PRSSKP) GO TO 800

DO 150 J=14NJ

DO 745 I=1,11

IF (NST.EQ.2) T(I4J) = T(I,J)~460.

CONTINLE

IF (MOC(Jy3).EQ.1) WRITE (6435)

Al = WICTHxHL(J)

A2 = WIDTHRH2(J}

IF (RONE.O.O) Al=2.,0%PI*R1%*H1(J)

IF (ROWNELD.O) A2=2 ,0%PI*R2%H2(J)

DADR = ABS{A1-A2)/RDIF

DELA = ABS(A1-A2)/AMINL1{ALl,A2)

IF (NSI.EQ.1} WRITE (6,36) HMEAN{J) ,H1({J) ,DADR,ALPHA(J),
1 +2(J),DELA

IF (NST.EQ.2) WRITE (6437) HMEAN(J),H1(J) DADR,ALFHALJ),
1 +2(J),DELA

IF (ABS(MACH(11,J)=1.0}.GT.1.E-5) WRITE (6,381}

IF (ABS(P(11yJ)=P3).GT.PTOL) WRITE (6,39)

WRITE (€,40)

IF (NSI.EQ.1) WRITE (&,41)

IF (NST.EQ.2) WRITE (6,42)

WRITE (69430 (X(IVoH(T ) yMACHIT 3J) yULT 9J) yRHO(I,J) 4P (I9Jd),
1 T(IsJ)sREP(I9JVyFRICT(IyJ)yI=1y11)

CONTINUE

800 CALL CRAFIC

GO TO (100,110412C,130), INCODE

END OF PROGRAM
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1 FORMAT (12A6)
2 FORMAT (2X,13943X9139)5XeE14e 795X 1EL4.T95X3E14e7)
3 FORMAT (5E14.7)
10 FORMAT (1K1,22HAREA EXPANSION PROGRAM,S5X,12A6,/,1H0,

1 3SHFLOW LENGTH PARAMETERS INCONSISTANT,S5X4HR1 =,G1l0.3,5X,
2 4HR 2 =9y G1l04345Xy THR2=R1 =461 043 y5XyTHWIDTH =,G10.3)

12 FORMAT (1H]1,22HAREA EXPANSICN PROGRAM5X412A46+/7,41HO,
1 26HINSUFFICIENT PRESSURE DATA,5X,11HPG = P3 = 0)

13 FORMAT (1HOy53HINACCURATE NUMERICAL INTEGRATIGON IN FORCE CALCULATI
10N}

14 FORMAT (1HO,66HINACCURATE NUMERICAL INTEGRATION IN CENTER CF PRESS
1URE CALCULATION}

15 FORMAT (1+0,26HDISTRIBUTICNS OUT QF ORDER)

19 FORMAT (1HO 44Xy 30H®k&kkkiokgkhxkkkkkmnkunkkrk kkdk, / 1H ,44X, lH*,

l ZEXQ IH*, /’lH .44X,30H* ’ - CHOKED FLOH *Q/QIH ]
2 44Xy 30H% + = TRANSITION REGION *y/ 91H 444X,

3 30H=* T = TURBULENT FLOW *9/ 91H 444Xy 1H%,28Xy 1H%y /,
4 TH 5 44X 9 3 0H Aok ook ko dkok o ok ok kot ok ok ok kR sk )

20 FORMAT (1H1,71HPROGRAM FOR QUASI-ONE DIMENSIONAL FLCW WITH FRICTIO
IN AND AREA EXPANSION,/41HO0,2CXy12A6,/)
22 FORMAT { 1HOy12HINPUT DATA =,/,1HCy10X,9HR1,METERS 422X, THPL y ASMA,
18Xy 16HMOLECULAR WEIGHT 17Xy 9HF =K/ RE*%®N,/ y1H ,E18.3,E30.3,
F29.3y22X g OHX Rk %kt % o/ 9 IHO9yLOXy9HR2 ¢ METERS 922X 9 THP2 y NSMA,
17X 9 18HCP yJOULE S/KG=DEG Kygl6XyLOHK{LAMINAR},/,1H ,E18.3,
E30.39E28.3)F30439/91HOy6X918HFLOW LENGTH,METERS , 18X,
SHP 1/P2 5 24Xy SHGAMMA 323Xy LOHN(LAMINAR) 3/ yLH yE18.3,£29.3,
F29.39F30.29/91HOyTXs1THFLOW WIDTH,METERS 416X y8HTC,DEG K,
17Xy 18HVISCOSITYyN=SEC/M2 49Xy 24HUPPER LIMIT RE (LAMINAR),/,
1H 9E18439F29.14G32e49F2841¢/91H0939Xs10HLOSS CCEFey 21X,y
SHSPEED yRPS ¢ 19Xy 12HKI TURBULENT) 9/ 9 1H yF4T e29E32.49630.49/,
1FO, TOX 9 THVyM/SEC s 21X s L2HN(TURBULENT) o/ 91H yF 7762463244/
1HOyS1X 9y 26HLOWER LIMIT RE (TURBULENT) ./ 41lH ,F107.1)
21 FORMAT (1HOy L3HOUTPUT DATA =4/ 1HOy 10Xy 9HRLyMETERS 422X, THPC/NSMA,
18Xy 16HMOLECULAR WEIGHT,17X,9HCALCULATE 4/ y1H +E18.3,E30.3,
F29e3922Xy H® ki kkkkk y /3 1HOy10X4IHR2yMETERS y 22Xy THP3 /NSMA,
17X 18HCP yJOULE S/KG=DEG K¢9Xy4A6y/91lH 4E18.3,E30.3,E28.3,/,
1K 492X y4A64/91H 46Xy18HF LOW LENGTHyMETERS 18X, 5HPO/ P3y24X,
SEGAMMA 4 / yLlH (E18.392F29.3916X94A649/y1HO y4X,
22HMEAN FLOW WIDTH,METERS,14X48HTO4DEG Ky17X,
18HVISCOSITY N=-SEC/M2419X94HPLOTy/91H 4EL18.3,F29.3,G32.4%,
14Xy 22H%k%0k ok ok ek ok dokkkk ko / 1 HO 430X,
¢BHGAS CONSTANT, JOULES/KG=DEG KyL2XyIHSPEEDRPS y 14Xy 4A647
1H yE48.39G32.49/91H 493X 4A69/+1lH ,39X,10HLOSS CQOEF.,
21Xy THVyM/SEC s/ 91H sF4Te29E31e3915X 94A5 ¢/ 91HO 993X y4A64/
1F0393X 4 4A6,4/)
23 FORMAT {1+0y13HOUTPUT DATA =, /9y 1HO910Xs9HR] yI NCHES 422Xy THPC4PST Ay
18Xy 16HMOLECULAR WEIGHT 17Xy 9HCALCULATE o/ ylH yF18.44y F30.3,
F29.3922XyIHuk bk ik o /g1 HOy LOXyIHR2yINCHES 922X s THP3,PST A,
18X9 16HCP yBTU/LBM=DEG RoLOXy4A6/ 9y 1lH oF 1B s44F30.3,F28,.3,/
1k 392X 44A69/9LlH 46X 18HFLCW LENGTH,INCHES,18X,5HPO/ P3, 24X,
SHGAMMA » / 9 1H ¢F 18e492F29.3 116X 94A64/+1HO 94X,
2ZHMEAN FLOW WIDTH, INCHESs14Xy8HTODEG Ry16X,
20HVISCOSITY,LB=SEC/IN2y18X4HPLOTy/91H F1l8e44F29.3,G32.3,
14Xy 2 2H %okl fokokok sk dokdeok dokiok y /o LHO 32X
24HGAS CONSTANT JLB=FT/LBM=Ry14XsOHSPEED ¢RPMy 14X 94469/ LH
F4T7.59G32+49791H 993X ,4A64/91H 239X,104L0SS CCEF.,
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1 21Xy BHV g FT/SECy/9lH yF4T,24F30.2916X%X94A647/41H0393X,4A6,/,
2 1F0993X 4 4A6,/)
24 FORMAT (1HOy 12HINPUT DATA =4/ 31H0y10Xs9HRLyINCHES 422Xy THPL s PSIA,
18Xy 16HMOLECULAR WEIGHT 1l TXy9HF=K/REX*%N 4/ y1H ,F18.4,F30.3,
F2903'2ZX'QH**‘*‘****'/'1H0110X,9HR2'INCHESQZZXQ7HPZQPSIA'
18Xy L6HCP 4B TU/LBM=DEG Ro1TXy1OHK(LAMINAR) 4/ y1H 4F18.49F3043y
FZ28e39F3Ce39/9lHOy6X918HFLOW LENGTHyINCHES y18X,5HPL/ P2,24X,
SHGAMMA 23Xy JOHN(LAMINARY 9 /791H ¢F18.44F29.39F29.34F30.2/»
1EQy TXy LTHFLOW WIDTH,INCHESs16X8HTCO,DEG F,17X,
ZOFVISCOSITY LB~SEC/IN2,8Xy24HUPPER LIMIT RE (LAMINAR),/»
1H yF18e4,F29.1+G32.49F2841,5/41H0939%X,10HLOSS COEFey 21Xy
SHRSPEED yRPM , 19X y 12HK( TURBULENT) o/ 9lH F4T ¢2,E32.4,G30.49/
10, 70X 9 BHVF T/ SEC y 20X 9 L2HN{ TURBULENT) y /9y LlH ,FT7T7¢2+G32.47
1HO 91X 9 26HLOWER LIMIT RE (TURBULENT) o/ y1H ,F107.1)
25 FORMAT (1H1y5Xy THH(CHAR) y TX 9 6HH{MIN) » TX ¢ SHALPHA ,7X 4 6HM(CQT ) 49Xy
1 1FQ 9 L1X 9 SHRE(R) y 6 Xy IHSTIFFNESSy6XoSHFORCE LOX 92HXCy/ o LH 45X
2 EHMETER Sy 8X y 6HMETERS y6X s THRADIANS 96 Xy6HKG/SEC 98X ¢ 4HSCMS y 23Xy
3 ZEN/My L IX 3 1HN 910Xy GHMETERS)
26 FORMAT (1HL1yS5Xy THH(MEAN) 3 TX o 6HHIMIN) s 7XySHALPHA ¢ TX s 6HM{TOT ) 49X
1FQ ¢ 11X ¢ SHRE(R) s 6 Xy SHSTIFFNESSy6XySHFORCE ylOX y2HXC s/ 9 LH 4 6X,
EHINCHE Sy TX 9 6HINCHE S TXy THRADIANS 3 S Xy 6HLB/MIN 48Xy 4HS CFM, 22X,
EHLB/IN, 10X 2HLB y9X s 6HINCHES)
27 FORMAT (IHOySXy THH(MEAN) » TXy6HHIMIN) 9 TXy5HALPHA ,TX 3y THKNUDSENy 6X »
1 EHLAMBDA g 9X y 4HX (%) Xy 4HP (%))
28 FORMAT (1F4,9TXySHFORCE »LCXy2HXC)
29 FORMAT (1H ,5X,6HMETERS,) 8X 9 6HMETERS 16Xy THRADI ANS 46X 6 HNUMBER,y 7X

~X O DMNONLD BN e

W N -

1 EFMETER Sy 8X 9 6HMETER Sy 8X94HN/M2)
30 FORMAT (1H ySXy6HINCHE S9B8Xy 6HINCHES 96X 9 THRADI ANSy6X y6HNUMBERy 7X o
1 EFINCHE Sy 8Xy 6HINCHE S, 8X ,4HPSIA)

31 FORMAT (1H#,97X,5H{BAR)y9XySH{BAR))
32 FORMAT (1HOy5X 9 THHIMEAND ¢ 7Xy 6HH (MIN) y 7X s SHALPHA 48X ¢ SHPOWER 4 6Xy
1 8+H{SHFAR )y 5X,8HDELTA(T), TX, 6HTORQUE)
33 FORMAT (1H y5Xy6HMETERSyBX ) 6HMETERS y6 Xy THRADI ANS»TX ySHWATTS . 7X,y
1 EHWATTS ) 8Xy SHDEG Ky10Xy3HN=-M)
34 FORMAT (IH y5X¢y6HINCHESy7TXy GHINCHES »7X 9 THRADI ANS»9 X 42HHP 8 X,
1 THBTU/MIN, 7X, SHDEG F,9X,5HFT=-LB)
35 FORMAT (N1}
36 FORMAT (1+-0y9HH(MEAN) =,G1l1.3,7H METERS,5Xy4HHL =,G1ll.3,7H METERS,

1 5Xy9 11HDA /DR 9G11e3 95X THALPHA =4Gl1.3,8H RADIANS,/,y LH
2 22X94HH2 =¢G1lle39yTH METERSsSXy11HOA/A{MIN) =,G11.3)

37 FORMAT (1HOy9HH(MEAN) =yG1l1.3,7H INCHES,5Xs4HH]1 =4Gll«3,7H INCHES,
1 5X¢ LLHDA /DR =9G1l1a3 45Xy THALPHA =,G11.348H RADIANS,/y1H ,
2 32X94HH2 =9Glle 3y INCHES¢5XolL1HDA/A(MIN) =,G11.3)

38 FORMAT (1++,92X,15H(SUBSONIC FLOW)
39 FORMAT (1H#493X,13H(CHOKED FLOW})
40 FORMAT (1H0y8X 9 IHX 11Xy IHH 311Xy 4HMACH 5 X38HVELOCITY 48X, THDENS ITY,
1 3Xy BHPRESSURE 44X o LLHTEMPERATURE » TXySHRE (P ) 46X ¢8HFRICTION)
41 FORMAT (1H 46Xy 6HMETERSy6X oy 6HMETERS s TXy6HNUMBER ¢6X 9 SHM/SECy 10Xy
1 SEKG/M3,y 6Xy 4HN/M2 49Xy SHDEG K922 X9 6HFACTOR )
42 FORMAT (1R 35X, 6HINCHES,y 7Xy SHINCHES 9 T Xy 6HNUMBER 95X y 6HFT/SEC,TX,y

1 11HLB=~SEC 2/F T4y 3Xy4HPSIAy9XySHDEG F 422X 46HFACTOR)
43 FORMAT (1H ,96G13.2)
44 FORMAT {(1H¢,91X,2G13.3)
45 FORMAT ( 1H#,1H/)
46 FORMAT (1H#,2H +)
47 FORMAT (1R+#42H T)
48 FORMAT (1H ,7G613,3)

END

556
5517
55 €
559
560
561
562
563
64
565
566
567
568

587
58¢
58S
590
591
592
593
€94
59¢
59¢
591
598
595
60C
601
€92
603
€04
60¢&
60¢
€01
€08
606
61C
611
612
613
€14
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DETERMINE THE MACH NUMBER DISTRIBUTION SUCH THAT M=1.0 AT X=X*.
FOR CHOKED FLOW, X*=RDIF = FOR SUBSONIC FLOWy P2=P3.

PROGRAM VARIABLES
Aok ok o ok kK kK R

ENTRANCE CONDITIONS
ok ok Rk Rk

H1 = FILM THICKNESS
Al - CROSS=—SECTIONAL AREA
FM(1) = INITIAL GUESS OF MACH NUMBER
YT1 - TEMPERATURE
P1 - PRESSURE

EXIT CONDITIONS
XA Rk R Rk

H2 = FILM THICKNESS

A2 - CROSS~SECTIONAL AREA
P2 - PRESSURE

FM2 = MACH NUMBER

CONDITIONS AT CHOKING
AR K kR ROk K KR KK K

XSTAR -~ FLOW LENGTH

HSTER = FILM THICKNESS

ASTER = CROSS~-SECTIONAL AREA
PSTER = PRESSURE

TSTAR ~ TEMPERATURE

PROGRAM VARIABLES
LA EIT IR LS T L

DELX = STEP SIZE
N = NUMBER OF POINTS IN SOLUTION OF MACH NUMBER EQUATICN

ARTTHMETIC FUNCTION FLGRNG DOES A 3 POINT LAGRANGE INTERPOLATICN

SUBROUTINE NCFLOW

DOUBLE PRECISION XoFMyHoXO X1 oX29Y0 YLy Y2,XX(2) PP (2)4FN2y P2,y

1 ASTER,PSTER P 1rAL14A2

REAL LOSS.MU

COMMON /ARRAYS /E 1{ 231) 4FMM (11,200 yE2(1420) 4H1(20),H2(20)»ALPHA(20),
1 FMEAN( 209X STAR (20) ,PSTAR(20) yASTAR(20)

COMMON /TRAYS/Ny X( 201) 4FM(201),H(201),J,TSTAR

COMMON /CONSTS /GAMMA JRDIF 4RO ySIGN,REF(6) yTOyPO4P3,PTCLRGAS ,LOSS

1 MUsPToRUNIV{2),CNVT(11,2)sNSI

DIMENSION SX({201),SY(201)

FLGRNGI(XyXDgXLyX2,Y0, YLyY2} = YCR(X=XL) £ {X=X2 )/ (XO=XL)/ (XD~X2) ¢
1 Y1%(X=XO)%{ X=%X2) /{X1=X0) 7/ {X1=X2) +Y2*( X=XO) & {X=X1}/(X2=X0}/
2 tX2=-X%1)

SET BOULNDARY CONDITIONS ~ DEFINE CONSTANTS NEEDED IN SCLUTICN GF
MACH NUMBER EQUATION

DO~ DN -

45




SO0 O

e NaNel

46

90

95

100

120

H

13C

135

140
141

142
143
1

POLC = C.O

EX = +£C

NN = ALOGIO(RDIF)

XTOL = ROIF*10.0%*{NN=5)

FM{1) = .25D0

IF {J.NE.1) FMUL)=FMM(1,d=1)%H1(J)/HL(J-1)
CON = SINCALPHA(J))

X(1) = 0.

H(1) = F1(J)

IF (SIGN.LT.0.0) H{1)=H2(J,

IF (RO.EQ.0.0) GO TO 90

Al = 2.C*PI*RO*H(1)

IF (SICN.GT.0.0) A2=2,0%PI* (RO+RDIFI*H2 (J)
1F (SICN.LT.0.C) A2=2,0%PI*(RO=RDIF)*HL (J)

GO TO s¢

Al = H{1)

A2 = K({1)+RDIF*CON
XxX(1) = C.0

XX{2) = 0.0

PP(1) = 0.0

PP(2) = C.O

GUESS A STARTING /ALUE FOR THE ENTRANCE MACH NUMBER - CALL
SUBROUTINE RK1 TO FIND THE SOLUTION OF THE MACH NUMBER EQUATION

CALL RK1(CON)

FMOLD = FM(1)

XSTAR(J) = X(N}

IF (XSTAR(J).LT.RDIF) GO TO 145
CALCULATE P2

TYL = TO/(1.04.50%(GAMMA=1.0)*(F¥(1)/L0SS)**2)

TSTAR = TT1¥{ 14+e5%(GAMMA=L I¥FM(L)*%2)/.5/(GAMMA+1,)
HSTER = RIN)
ASTER = FSTER

IF (RC.NE.Q.0) ASTER=2.C*PI* (RO+XSTAR(J)*SIGN)I*HSTER

Pl = PO/{1leteS5*(GAMMA=1,)*(FMUL1}/LOSS)*%2) %k (GAMMA/ (GAMMA=1,))

PSTER = PL1*AL*FM(1)/ASTER*SQRT( (1. 0+.50%(GAMMA=1,0)*FM(1)%*2)/
«5/(GAMMA+1.)})

FM2 = 1.DO

I1 =1

IF (ABS(RCIF-XSTAR{J)).LEXTOL) GO TO 143
DO 140 I=1,N

IT1 =1

IF (ROTF=-X(I)) 1414142,140

CONTINUE

IF (Il.LE.2} 11=2

IF (I1.GE.N) IT=N-1

FM2 = FLGRNG(RDIF¢X{II=1)oX(IL) o X{IT#L) 4FM(IT=1)yFMIIT),FM(II+1))

60 TO 143
FM2 = FM(IT)

P2 = ASTER*PSTER/A2/FM2*SQRT{.50%(GAMMA+1.0)/ (1.0+.50*(GAMMA=-1.0)

*EM2%%2 ) )
FOR CHCKEC FLCW, CMIT ITERATIUN FOR P2=P3

IF (ABS(XSTAR(JI=RDIF).LE «XTOLAND.P2.G&P3)} GO TC 160
IF (ABS(P2=P3).LT.PTOL) GO TO 160

106
107
108
108
11C
111
112
112
114
115
11¢€
117
118




OO0

OO0

144
145

14¢

150

151

152
153

160

165
l16¢

170

175

FOR SUESONIC FLOW, COMPARE P2 AND P3., [F THEY ARE NOT EQUAL, SAVE
THE VALUES OF P2 AND M1l. WHEN 2 SUCH POINTS HAVE BEEN SAVED, DC A
LINEAR INTERPOLATION TO DETERMINE THE M1 THAT CCRRESPCNES TC P2=P3

IF (PSTER.LE.P3) GO TO 1l4a¢

IF (PSTER.LT..5D0%*P2) EX=EX/2.0

IF (ABS{POLD-P2).LT.10.0%PTOL)} EX=EX/2.0
IF (EXdT..1) EX=EX*2.0

POLL = P2

FM(1) = FM(L1)*(XSTAR{ J)} /RDIF)**EX

G0 7O 153

IF (P2.GT.P3) GO 70 150

XX(1) = FM(1)

PPL1) = P2

IF (XX(Z2)eNE.O.C) GO TO 152

IF (SIGNGT0.0.0ReABS(XSTAR(JI=ROIF)LT.XTOL) GO TC 151
FM(1) = FMULI*(RDIF/XSTAR{J))**,25

GO TO 153

IF (P2.CT.PP(2)) EX=EX/2.C

XX(2) = FM(1)

PP(2) = P2

IF (XX(1).NE.C.D) GO YO 152

FMU1) = FM(1)*{P2/P3)*%EX

GO TO 153

FM{1) = (P3=PP(2) )% (XX(L)=XX(2)}/(PP(1)}=PP(2)}¢XX(2)
IF (FM(1).LT.1.D0) GO TO 100

FM{1) = (2.DO*FMOLD+1.D0)/3.D0

GO TO 100

SOLUTICN COMPLETE (SATISFACTORY X% FOUND AND P2=P3 FOR SUBSONIC
FLOW) = PUNCH X AND M ON CARDS FOR RESTARTING

ASTAR{J) = ASTER
PSTAR(J) = PSTER
IND = C

DO 170 I=1,N

IF (1.EQ.1) GO0 TO 165

IF (1 .EQ.N} GO TO 166

IF (X(I)=SX{IND}.LT.1.E-8) GO 10 170
IF {FM(1)=SY{ IND}.LT.1.E~-8) GO TO 170
IND = IND+1

SXUINDY = X(I}

SY(INDY = FM(I)

CONTINUE

DO 175 1=1,IND

SX{1) = SXCI)/RDIF

CONTINLE

PPUNCH = PSTAR(J)/PC

XPUNCH = XSTAR(J)/ROIF

TPUNCF = TSTAR/TO

WRITE (€410} Jy INDyPPUNCH ¢ XPUNCH, TPUNCH
K =0

NNN = (IND/5)%5

NN = NNN+1

D0 180 I=1yNNN,S

Il = [¢4

WRITE (€y111 (SXUJ)oJ=1,111),K

K = K+1

118
120
121
122
123
124
125
12¢
1217
128
129
130
131
132
132
134
135
136
137
138
136
140
l41
142
143
l44
145
14¢€
1417
148
149
15C
151
152
153
154
155
156
157
158
159
16C
161
162
163
164
1€5
166
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168
169
174G
171
172
172
174
175
176
177
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18C CONTINLE 178

11 = IAD=NNN 179

IF {IT.6Q.1) WRITE (€y12) (SX(J)yJ=NNyIND),K 180

IF (11.ER.2) WRITE (€513) (SX{J)J=NN,IND),K 181

IF (11.€Q.3) WRITE (€514) (SX{J),J=NN,IND),K 182

IF (11.EQ.4) WRITE (6415) (SX(J)yJ=NN,IND),K 183

K = K+] 184

DO 185 I=14,NNN,5 185

II = 144 186
WRITE (€5311) (SY(JD)yd=1,11),K 187

K = K+1 188
185 CONTINLE 183
I1 = INC-NNN 19¢

IF (I1.EQ.L) WRITE (6412) (SY(J)3J=NNoIND),K 191

IF (11.EQ.2) WRITE (6,13) (SY(J)eJ=NN,IND),K 192

IF (11.EQ.3) WRITE (&914) (SY(J)9J=NNIND),K 193

IF (11.6Q.4) WRITE (6415) (SY(J)eJ=NN,IND),K 194
RETURN 195
196

10 FORMAT (2H* 4 2HJ=413,3H N=9I13y5H P* =,ELl4.7,5H X% =,El4.Ty5H T* =, 197
1 Ela.7) 198
11 FORMAT (2H* ,S5E14.7,110) 199
12 FORMAT (2H* ,El4.7,166) 200
13 FORMAT (zb* , 2El4.74152) 201
14 FORMAT (2H* ,3E14.7,138) 202
15 FORMAT (2F% ,4E14.7,124) 203
204

END 205

1

CISTK IELTIONS OF PRESSURE, TEMPERATURE, DENSITY, MACH ANUMBER, Z
VELOCITY, REYNILDS NUMBER, AND MEAN FRICTICN FACTCR :

4

PPOGRAM VARIABLES £

Aok ok o X ook ok dodok ok kokok €

7

N = NULMBER OF POINTS IM SCLULTICN CF MACH NUMBER ECUATICA €

XX = ARRAY 0OF INDEPENDENT VARIABLE (DISTANCE) IN SOLUTICN CF S

MACH NLMEER EQUATICA 1C

F¥ = MACH NUMBERK ARKRAY FRCM SCLULTICN CF MACKF NUMBER EQUATICN 11

lz

X = ARRAY CF EQUALLY SPACED OI STANCES 2

MACE ~ MACH NULMBER AT X 14

T - TEMPERATLRE 1t

U - RADIAL VELCCITY 1€

RFC = CENSITY 11

P - PRESSLRE 1¢€

REP ~ REYNOLCS NUMRER 1<

FRICT = MEAN FRICTION FACTCR 2c

21

ARITHFVMETIC FUNCTIGN FLGRNG DCcS A 3 FCINT LAGRANGE INTERPCLATICN ¢z

23

SLREOLTINE CISTS 4

PEAL MECH,LNSS,ML,MLX 2¢




[}

1CC

122

13C

DOURLE PRECISICN FRFUNC yXX9gFNMgHH ¢XCyXLyX2 yYCy Y1 ,4Y2
COMMON /ARRAYS/X(11)4P(1142C)y MACH{L1,20),L (11 ,20),T7(11,20),

1 REQ(1192C)sREP({L142C)yFRICT(L11,20),H (11 420),XCBAR{20),
2 PCWER{2C)FORCE(2C) y STIFF (20) yFBAR(20),EXTRA(BO) 9y XSTAR(20),
3 PSTAR(2C)yASTAR(2C)

COMMON /TRAYS/Ny XX (201 ) 4FM(2CL) yHH(2CL) 4y J,TSTAR

CCMMON /CONSTS/CAMMAGRDIF 4y RCySIGN EX(8)4P3 yFTOLsRGAS JLCSSyMU,PI,

1 RUNIVO2),CNVT (2 1,2) 4NST

FLOGRMC X9y XOpX1yX29 Y0y Y1yY2) = YCH(X=X1)%(X=X2)}/ (XC=XL)/ {(XO=X2)+

1 YI%(X=XO}*{X=X2 )} /{XI=XC}/ (X1=X2)+ Y2 #{X=XC)*{(X=-X1)/(X2-XC)/
2 (Xxz=X1}

AN =

KK =

00 16C 1=1,11

PO 12C K=KKyN

KK = K

IF (X(1)=xX(K)} 1219122,412C

lIC
1
¢

C CONTINLE

IF (KK, ,LY.2) KK=2

IF (KK,CEWND KK=N=1

MACHI 148, = TLGRNGUX(T) pXXIKK=1) ¢XX{KK) X X(KK+L) FVN(KK=1),
1 FM(KK)}yFM{KK+1))

co 10 1:¢

MACH( T,d) = FM(KK)

T(I,4J) oSCH (GAMMA4L . CIXTSTAR/ (1o C+o50%(GANMA=] 0 ) AMACHIT,,J)**2)
ufi,Jd) MACH (T pJI*SORT(CAVTILL ,AST }*GAMMAXRGASAT(I,44))

IF (RO NELQLO) AN=2,C¥P 1% (RC+X{I)*SIGN}

P{TyJ) = PSTAR(CJII*ASTAR(I)/AN/HAT o J)*SERTL.50* (CAMNL2+1,0)/

1 {1.C+.50% (GAMMA=1,0)%NACH (T, J)%*%2)) /MACH(1,J)

IF (KK.CT.250) GO 1O 13¢

IF (I.L7.11) cn 7C 13¢

IF (ABS(P(I,J)=-P2) LT.PTL) GC TC 135

0Hou

KK = 3(CC

MAC”(‘,J) = 1a.C

G0 10 1:C

REN(T4d) = PUESJIXCNVTLLC,NST) /RCAS/THT 4 J)
MUX = ML

IF (CAMMALEQ.144) MLX=CNVT (L NEIIRTII 9 ) #2*L.5/(T(1,3)+CAT (Z2,N51))
REP(I4J) = RHO( Ty J)*U(I,J)%2,0%H(1,J) /MUX/CAVT(6,NST)

FRICTU],J) = FREULNCHREP({] 4J))

CONTINLE

RETLRN R
END
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PRESSURE CALCULLATICN FOR NULVMERICAL INTEGRATIONS

PROCKk &¥ VARIABLES
ook o o 20Kk ok ok ok

x = CISTANCE ACRCSS FACE CF SEAL
XX = STOREC X DISTRIARLTICN FRCM QO TC Xx*
FM = MACH NUMBER DISTRIBULTICN WITH XX
HE = FILM TRICKANcSS DISTRIBLIICN wITH XxX

FMM - MACH NLMBER AT X
P - FILM THICKNESS AT ¥
AN - AREA AT X
PRESS = PRESSLRE AT X

ARITHFMETIC FUNCTICN FLGRNG DCES A 3 PCINT LAGRANGE INTERPCLATICA

FUNCTICN PRESS(X)

DOUBLE PRECISION XXy4FM,HH ,XCyX1 9X243YCypY1l,V2

REAL LCSS

COMMON 72RRAYS/EXTRA{1971)4PSTAR(2C) ,ASTAR(20}

CCMMON /TRAYS/Np XX {2C1)yFM(2CL) 4HH(2CL) 9 J, TSTAR

COMMIN /CONSTS/CAMMA 4RDIF 4RO ySIGN D (6) y TCoPLyP 3, FT yRCAS,LLCSSs MU, I,y
1 RUNIV(2),CNVT(1142) 4NSI

FLGRNG( Xy XDy X 19X29 YT, ¥Y1,¥2) = YCH(X=XL)*(X=X2)}/ (XC=XL)}/ (XC-X2)+

1 Y1 (X=XOIH{X=X2 )/ {X1=XCO) 7/ (XL=X2)+ Y2 ¥ (X=XC}* (X=X1)/{X2=XC)/

2 (Xz=Xx1)

AN = ll(

no 12C 1=1,4N

KK = 1

IF (X=XxX{(1)} 1224121412¢C
CONTINLE

GO 10 leg

FMM = EM(KK)

H = FF(KK)

GO 10 1%¢

IF (KK.LE.2) KK =2
IF (KK J.CEWN) KK=N=1

FMM = FLCERNG{X ¢ XX (KK=1) ¢XX (KK} yXX{KK+L)} yFN(KK=1)yFM{KK) FM(KKE]1))
H = FLIRNGIXy XX{KK=1) g XX{KK}gXX (KKt 1) gHH(KK=1) yFrH{KK} yHF{KK+1})

IF (RC.ANELC.Q) AN=2.C*PI* (RC+Xx*SIGN)
PRESS = PSTAR(J)I*XASTAR (J) /AN/H* SCRT (o 50*(GAMMA+1.0)/
1 ()1aCHroSCE(GAMMA= ], C) *FMNMRX2) ) /FMN

RETURN
END
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DOURLE PRECISICN RUNGE=KUTTA SCLLTICN CF THE MACH MUMBEFR EQUATICN
FOR FLCW WITH AREA CHANGE AND FRICTICN

BOUNCZRY CONDITION IS = Y=1.C A1 X=x%, CECRcASE STEP SIZE UNTIL A
SATISFACTORY X IS FOUND.

WORKINC VARIABLES ARE IN DOCULRLE PRECISICN

PRGCERAM VARIABLES
Aok ook ok o o ok ok ok R Kok K

- LCISTANCE FROM INLET

- FILM THICKNESS

- SOLUTICN OF MACH NULMBER EQUATICN
- RADIUS THAT CCRRESPCADE TC X
LOCAL TEMPERATURE

~ ENTRANCE TEMPERATLRE

- VISCOSITY

- REYNOLDS UNMBER

- FRICTICN FACTOR

o 4]
MM = V< T X
|

CON = SINCTILT ANGLE)
¢ - RATIO CF SPECIFIC HEATS
GAMMA - RATIC CF SPECIFIC HEATS
R1 - RADIUS AT ENTRANCE

YO - SQUARE OF ENTRANCE MACH NUMBER = INITIAL ESTINMATE
SUPPLIED BY CALLING PRCGRAM
RECNST = REQO*%LXC
FACTOR — MLLTIPLICATIVE FACTCR FCR CHANGING YC TC ACCELERATE THE
SOLUTICN
DELX = LENGTF OF X INTERVAL (ST1eEP SIZE)
HI = FILM THICKNESS AT MIDPCINT CF X INTERVEAL
DELY = LENGTF OF Y INTERVAL
HR = RATIO OF FILM THICKNESS TG RACILS FOR SEALS WITH RADIAL
EXPANSION

o % % %k ok
FK1 #
FK2 #* ~ INTERMEDIATE VALUES CF THE DERIVATIVE CY/CXx IN THE
K2 * RUNGE-KUTTA FCRMULA
FK4 *
% o A ok %

ARITHMETIC FUNCTICN DYDX CEFINES THE DERIVATIVE CF THE SCUAFE CF
THE MACE NULMBER WITH ReSPECT TC X

ARTTEMETIC FUNCTICN HFUNC DEFINES THE FILM THICKANESS AS A FUMCTICN
NneE X

SUBROLTINE RK1(SCON)

COUPLE PKECISICN DYDX yCONgF (GoyRyYCyDELXyR14FKLyFK2 9 FK3 4 FRA,F]y

1 CELY$FRFUNC yHFUNC ySIGNyHR §XTCL s Xy Yy H

REAL LCSSyMU,MLIN

COMMON /TRAYS/Ny X ({ 2C1) oY (2C1),H(2C1) 4y J,TSTAR

COMMON /CONSTS/GAMMA 4RO TF ) SRLySSIGNyEX(6) 3 TC4PT,F34PTHRGAS, LLSS,
1 MUINGPT4RUNIV(2) yCNVT(L1142) s NS

DYCX(Y FyCONg FyGyHR ) = ZoDC%Y%*{1.DC+a5D0*(C=1 . COY*Y )= (FAGXY-CCA-
1 tRY}/F/11.00~Y)

FFURC(X,t+,CON) = H+Xx*CCN

B R s AN D wd N B LD R e

Pt et fmed pu e

1<

£k

AN LA AN AN
OB ol R
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10cC

INITIAL STEPS = TRANSFER PERMANENTLY STCREC SINCLE FRECISICA
CONSTANTS TO DOUBLE PRECISICN VARIABLES

G = GAMMA
R1l= SR1
CON= SCCN

SIGN = SSICN
FACTOR = 1C.0

X(1) = C.CC

YO = Y{]1)*%x2

HR = C.CC

IF (R1.,EQ.C.DC) SR1=1.C
Y(l1) = Y0

NST = 11

Nl = ¢

N2 = 1]

NDELXx = RCIF/FACTOR

NN = ALCGI1C(RCIF)

XTOL = FCIF*10.00%% (NN~-4)
NOTE = (

RECNST = 2,0%CNVT(1C,NST)*PCHSRL*H (L) *SCRT(Y( 1) 4GAMMARCAVT (11, AST)

Tl

RUN

IF

RE

IF
F =
Fr1

R =

HI
{F
T =

MU

IF
RE
IF
F =

FK2
T =

MU

IF

RE

IF

/RGAS/TO)/CNVTCEINST) /(1o C+e5C% (GANMA~L .O)*Y (1) /LSS *42) %2
((GAMMA+1,C)/2.C/{5AV¥MA~]1.C))
= TC/{14C+aSCk (GAMMA=L,C)*Y (1) /LCSS*%2)

CE-KLTTA SOLLTICN

X{I-1)4DELX

14X{ 1-1)}*SIGN

1.NELQ.DC) HR=H{I-1) /R

1#{1.CeSCX(GAMMA=1.CI2Y (1)) /{1 0+.50%(GAMMA=L1.0) #Y(I=1))

= MLIN

(GAMMALEQ.1.4) MU=CNVT UL NST) % T**1 .5/ (THCNVT (2 ,NST))

= RECNST/ML

(Pl.NELCLDC) RE=RE /R

FRFUNC(RE)

= LELX*DYCX(Y(I=1)4H(T=1) yCCNyF 4G yHK)

(X(I=1)+.SDC*DELX)*SIAN+R]

= FRINCIX(I~1)4.DC*DELX4H (L) 4CCN)

(R1.NELCDC) HR=H] /R

T1#(].CHe SCH(GAMMA=1.C)#Y (L)) /(1.0#,50%(GANNA-1.0)%
(Y(I-1)+.5DC%FK1))

= MLIN

(GAMMA LEQ.1.4) MU=CNVT (1 NSI)*T%%1,5/(T+CAVT (2,NS1))

= RECNST/ML

(R1.ANE.CLDC) RE=RE /R

FRFULNCIRE)

= CELX¥DYCX(Y{I~1 )} 4.5DC*FKL yHI yCCNoF 4G oHR )

TIN(1.CH EC*(GAMMA=1.C)*Y (1)) /(1.04.50%(GAMNA=].0)*
(Y{I=1)+,8nQ0%FK2))

= MUIN

(GAMMALEQ.1.4) MUSCNVT (1 yNSTI*Tx%L.5/(T+CAVT (2 NST))

= RECNST/ML

(R1.MELC.NC) RE=RE /R

N ]
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OO0

(@)

O

AOOO

F = FRFULNC(KE) 12¢

FK3 = CELX*DYDX(Y(I=1)+.50C*FK2,4HI yCCN4F,GyHR) 121

R = X(1)*=SIGN+R ] 122
HET) = FUNCUX(T),H(1),CON) 122

IF (R1AE.CDCYH HR=H (1) /R 124

T = TI4( 104 SCR(GAMMA=], CIHY(1))}/(1al. .5C*(GANNA=1,.D) % 12¢

1 (Y(I-1)+FK3)) 12¢

MU = MLIN 121

16 (GAMMALEQ,1.4) MU=CNVT (L yNST)*T%%] .5/ (T+CAVT(2,NST}) 12¢

RE = RECNST/ML 126

IF (R]1.NE.C.DC) RE=RE/R 12¢

F = FRFUNCI(RE) 121

FK4 = CELX#¥DYDX(Y(I=1)#FK2,H{I) CONyF G4HF) 132
DELY= (FK142.DC*(FK2+FK2)+FK4)/6.D0 133
Y{I) = Y(I-1)+DELY 124

28C IF (CAES(1.00-Y(I)}.LEL1.D=E) GC 10 600 13¢
13¢

FLOW MLST REMAIN SURSOANIC UNTIL EXIT = IF Y{I) EXCEEDS 1.0 AT ANY 131
POINTy LCWER DELX 13¢

13s

ITF ((Y{I=1)#4,50CkFK1eGTelaDCaCRaY{I=1)+,50C0%FK2.GT.1.L0).0R, 14C

1 (Y(I=1)4FK3.GTe1eDCeORLY(I)eGTa1.D0)) GC TC 320 141

IFf (DELY.LE.OLDC) 50 T0 41cC 14z

IF (DELY.CT..1DC) GO0 T2 32¢ 143

IF (Y{11.LT.0.CDC) 60 TC 32¢C 144

IF (CABS(X(II-RNIF)GT.XTCL) GC TC 290 14¢

IT = 11-1 14¢

IF (NDTE.EQ.O) GO TO 21°¢ 147

28C IF (I.(E.2C1) GO 10 4C0 14¢
20C CONTINLE 14¢
15C

21C N1 = Nz+4) 1£1
GO 10 z:zC 15¢

21% NOTE = 1 152
22C 1F (I1.CEL11) N1=1I1 154
BELX = CELX/1C.CO 15¢

23C N2 = N1+9 P 15¢€
GO TO ZzCC 151

15¢

IF INITIAL GUESS CF YO WAS TCC LCw, RAISE I7 186

1€C

4CC IF (1sfC-Y(TI).LE..SDC) GC TC 42¢C 1€1
41C YO = YC*],.05 1€2
50 TO 1CC 1€32

1€4

I[F NUMEBER NF STEPS EXCEEDS 1THE SIZE CF THE ARRAY, ELIMIMNATE PCINTS 1€%
WHERE THE VALLE OF THE FUNCTICGN IS NOT CHANGING RAPIDLY 16¢

1617

42C CCELX = RLIF/50.C 1¢¢€
INC = NST 1¢€S

N = 2Cl1 17¢

IF (Nz.LT.2C1) N=N2 171

PO 440 1=NST,N 172

IF (CABS{X(1)=RDIF)..LE.XTCL) GC TC 430 172

TF (T.EQe1.0R o1 .EQeN) GC T0O 43(C 174

TF (X)L CTX{ IND=1)+DDELX) GC TO 430 17¢

IF (YCT)LLELY(IND=1)4+.2D-1) GC TC 440 17¢

43C XCIND) = x(1) 117
HUINGY = H(T) 17¢
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Y(INC) = Y(I)
INC = INC+]
44C CONTINLE
NST = INC-1
N1 = INC
N2 = NIJ+¢
IF (NST.LELSO) GO TG 2CC
FACIOR = FACTOR/Z.0
GO T 1CC

STAISFACTORY X% FOUND — SCLUTICN CCMFLETE

SO0

€CC N =11
CO €5C 1=1,N

€SC Y({I) = CSQRTIY(I)) .
IF (R1.ECC.DC) SR1=C.0

RETURN
END

NUMER 1CAL INTEGRATICN BY SIMPSCNS RLLE

WHERE YC = Y EVALLATED AT XMIN
Y1 = Y EVALULATED ATA (XNMIA+XNZX)/2
Y2 = Y EVALLATED AT XxMAX
H = (XMAX=XNIN)/2 (STEP SIE)

CALL VECTOR VARIABLES
LTI EREE LSRR 233

J = INDEX CF FILM THICKNESS

XMAX = LOWER LIMIT CF INTEGRATIGON
XVMAX -~ UPPER LIMIT CF INTEGRATION
FUNC2 - FLNCTICN SUBPROGRAM TC EVALLATE v

PRCCR AV VARIABLES
Aok ok b ok kokokk kKK

INS = ACCUMLLSTED ANSWER FCR MANY SUBINTERVALS

INACCLRATE)
T = ERRGR TILERANCE

OO0 OO OO OO0 OO0 ON

54

INTECRAL CF Y DX FROM XMIN TC XMAX = (H/3)*(Y0+4Y1+Y2)

KER =~ NUMERICAL CONSTANY TC INDICATE IF INTEGRATICN IS ACCURATE

V = INDEPENDENT VARI ARLE IN INTEGRATICN

t - STEP SIZE

A - Y(

R - vl

C - v

P~ 2%(VALLt: CF INTEGRAAND)
k&

E* — CIFFERENCE BETWESN ANSWERS ULSING CIFFERENT STEF SIZES
NE %
ok ok

N = SUBINTERVAL CCULNTER (N Gz 200 M ANS INTHGRAL IS

VDR e OO N D wd AR DO N

o -

W ) o o o W
M It N e



OO NN

e ¥aXel

OO

n

11
) 3

12

FRAC = FRACTICN OF ERRCR TCLERANCE APFLICABLE TC MTF)
SUBCIVISION
*okokokok &
TEST* - TEST VALLE FCR ERRCR IN INTEGRAL
NTEST*
# ok ok ok

Q - TEST VALUE DOF FINAL ANSWER

FUNCTICM SIMPSI{XMIN, XMAX,FLNC1,KER)

CIMENSICN V(2CC)yH(2CC) A (2C0) +8(2CC) 4C(200)y FL200) 4E(200)4NE(200)
DIMENS ICN V{20C),H{2C0) A (2C0)B(20C) 4C(200),F(200) ,£(200})NE(Z200)
EQUIVALENCE (EWNE),(TEST,NTEST)

DEFINE STARTINC VALLUES

T=3.0E-¢

Vi1l)=XxNIN
Hi1)=CE% ( XMAX=XMIN)
ACL}=FUNCI(XMIN)
BOL)I=FLACI(XMIN+H(1))
CLLI=FLNC1(XMAX)
PLII=t(1)*(A(1)44.C*B (1)+C (1))
E(1)=P(1])

ANS=P (1)

N=1

FRAC=2 «C*1
FRAC=C.E*FRAC

BEGIN INTEGRATICN USING MCRE SUBINTERVALS WHERE VALLE CF IANTEGRAND
IS CHANCING RAPIDLY

TEST=AES(FRAC*ANS)

K =N

DO 7 I=1,K

IF (NTESTL.CTLIABSINE(CI))) GC TC 7
N = N+]

VIN)=VIT)4H(1}

HINI=CJS%F(T)

AlINY=B(1)
BIN)=FUNCLIVIN)I4H(N))
CIN)=C(1]
PIN)=F(N)*(A(N)44.C*B (N)+C(N))
Q=P (1}

HUT)=H(N)
BOII=FUNCIIVIT)4H(T))
ClIl=A(N)
POI)=t(1)% (AT )44.C¥B(I)+C (1))
Q=P (1 }4P(N)-Q

ANS=ANS4Q

E(1)=Q

E(N)=Q

If (N.CE.2C0O) 50 10 132
CONTINLE

IF (NLCT.K) GC 70 2

1 = 0.C

00 11 1I=1,N

Q=Q+E( 1)

IF (ABS(Q)-T*xABS(ANS)) 14,14,1
KER=KER+1

[s e MG NC T, IV IV NV IRV I
b WD e ONAT S A

L W s W3 Y
(3 B S YO N

~w NN
[ IR s B I o )

PRI N )
A S N
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OO

OO OO0

SO0
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14

1¢

17

SC

1CC

1

ACCUMLLATE FINAL ANSWER

ANS=C.(

CO 16 1=1,4N
ANS=ANS4P(T)
SIMPS1={ANS4Q/2C.C)/3.C

RETURN
ENC

PROCR AN VARIABLES
Aotk 0 o ok ok ko oKk

XX = CHARACTEMISTIC FILM THICKNESS
YY - SEALING DAM FCRCE
L0Y - AXIAL FILM STIFFNESS
MAX - NLMRER OF FILM THICKNESSES
MACE - MACH NLMBER
KEP - FRESSLRE FLNW REYNCLDS MUMBER

ok Aok K
X %
Y %
Ly *

A %% WORKING VARTABLES IN NUMERICAL DIFFERENTIATICA
S1 *
Sz *
Pz *
KY *
ek gk %

LACRANCE AUMERICAL CIFFERENTIATICN CVER MAXIMUM CF £ FCINTS
TO [ETERMINE AXJAL FILM STIFFNESS

SUBROLTINE STFNSS

REAL MA(CH

DIMENSICN X{2C)y Y{20), DY{2C),A(5,5)

COMNMON /CONSTS/C 10 8)4,RELAM,RETURB,D2 (10) CNVT(23)

COMMIN 7 FRRAYS/C2(231) ¢yMACHI11,2C),04(660) 4REP(11420),L5(480),
YY(Z2CH,CDY(2C)sDELBC) yXX(2C) 4R7(60)

COMMON /TRAYS/CE8(1207) 4 MAX,TSTAR

ELIVMINATE INVALID POINTS ANT ARRANGE VALIC POINTS IN ASCENCING
AROEF. IF THERE ARE LESS THAN 2 VALID PCINTS, NC CIFFEFcNTIATICN
1S POSSIRLE.

CO €C NM=1,MAX
DCY(M) = C.

0O 4CC INC=1,4

MM = (C

NG 11C M=1,MAX

GO TN (14242,4),IND

TF (MACHELL M) oGl e JaCoANTLPEP (E9%) el RELAN) CC TC 10¢

-
e 0 A N md N AN N L N e

I —
[, STV N

1€

Z1

LS S, 0\ S, N
™R Lo N

N oo
[Nala N1

O S S N IURT SO I FUR OB VO RN P SURI Ve S N
B AY e VA A ] AR D 1 R e O



[aXnNe!

aXeNel

lalaXe]

OO0

~NY

1C¢

11C

132C

GO 70 11C

IF (MACH{11yM)aCE e 1eCANDJREP(E4M) .GELRETLRE) GC TC 1C5
GO 70 110

IF (MACHU 11 yM ) olT aleQoAND.REP{E M) JLELRELAN) cC 7C 10°%
GO 10 11C

IF (MACHF(11yM)olTeleCoANDGREP(EyM) .CELRETURB) GC T7C 1C5
GO 10 11C

MM = MM4]

X{MM) = XX(M}

Y{MM)} = YY(M)

CONTINLE

IF (MM, LT.2) GO TC 4CC

CALL SCRTXY(X, Y MM)

SET UP MATRIX QOF X DIFFERENCES FCR EACH PCINT X (K}

N = MINC(MM,5)

BD 25C K=1,MM

IST = MAXQ(K=2,1)

IST = MINC(MM=N+1,1¢T)
IN = [ST4N-1

DO ¢11 1I=IST,IN

I = [1=-187+41

B0 21C JJ=IST, IN

J = JJ=-18T+¢1

AlIyd) = X(II1)=xX(J4J)

C CONTINLE

CONTINLE

FORM SLMS AND PRODUCTS FOR DERIVATIVE FCRMULA

S1 = C.

$2 = C.

P2 = 1,

DO 231 11=1ST,IN

IF (IT.EQ.K) GO TC 221
I = II-1S7+1

Pl = XU]1)=X(K)

$S2 = fe=1,./P1

P2 = PexpP]

DN 22C JJ=1,N

IF (LeNELJY) PL=P1*xA(I,JJ)
CONTINLE

S1 = Sl4v(I1)/P1
CONTINLE

IF ({N/72)%2.NE.N) SZ==82
CER IVATIVE
KY = SeaY(K)+P2z%*S1

DY(K) = XY
CONTIMULE

PUT CALCULATEL DERIVATIVES IN CRCER TC CCRRESFCUM TC INFUT XX

ARR AY
Do 32z¢

00 Z1C 11=1,4M

IF (XX{M)NE.X(1I}) GO T3 31C

51
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aNaNel SO0 O

YOO

laNaNel

58

IF ((N72)%xZMELN) GG 13 211 1C4

CCY(M) = =DY(11) 1c*

G0 10 ::zC 1C¢

211 CCY(M) = CY(i1) 1C7i
GO 10 ::0 ICE

31C CONTINLE 1¢¢<
22¢ CONTINLE 11¢
40C CONTINLE 111
1le

RETULRN 113

ENC 114

1

FUNCTICN FCR FINDING LOCAL FRICTICN FACTCR AS 2 FUNCTICM CF Z
REYNOLLS NUMBER 2

4

COURL E PRECISICN FUNCTICN FRFUNC(RE) <
COMMON /CONSTS/ZEX1(4) ¢ XLAM, XTLRB yCCNLAM,CCNTRB yRELAN RETURB, £X2(33) €
DOUBLE PRECISION X1 yX24X3,Y? 1

£

LAMINAFR FLOW S

1C

IF (RELCTLRELAN) GO TC 1CC 11
FRFUNC = CONLAVM/RE*®XLAM 12
RETLRN 12

14

TRANSITION FLCW 1%

1€

10C IF (RE <CE LRETURB) GO 10 11¢ 17
X1 = ALCC(RELAM) 1€

X2 = ALCCG(RETLRE) 1<

X3 = ALCC(RE) 2C

Y2 = ALCG(CONTRPR)=XTURB*X2=2.CNC*(ALCG(CCANTRB/CCNLAR) ¢XLAMSX = 21

1 XTURB#XZ Pk ((XDk( X2 (X3=1,SCO*( X1+ X2))+3,0D0%X1#X2)~.50C0%X2%%2 22

2 (2 ,CCC*X1=X2)) )/ (X2=X1)*%3 22
FRFINC = CEXP(YZ) 24
RETURN 2¢

2¢

TURPUL ENT FLOW 21

2¢€

11C FRFUNC = CONTRB/RE%**XTURR ¢
RETURN ¢

2]

END 3z




Ao

laEe]

[aNaNe]

10C
11¢

INTEGREANL OF FCRCE INTEGRAL

FUNCT ICN FRULNC(X)

COMMCA /CCNSTS/ENC12),P2,000(3C)
FFUNC = PRESS(X)-P2

RETURN

ENE

INTEGRANE COF CENTER OF PRESSURE INTEGRAL

FUNCTICN XCFUNC(X)

COMMCN /CONSTS/C(12),P2,00D(3C)
XCFLNC = (PRESS{X)=P3)%X
RETLRN

ENT

ARRANCE POINTS (X,Y) IN CROER CF ASCENDING X

SUBROULTINE SORTIXY{(X,Y,N)
DIMENSION X(1CC)y Y(10C)
NN= N=]

DO 11C  I=1,NN
IT =1

CO 10C J=2yN
IFCX(J) JCEe X(I)) GO TC 10C
T= X(J)
X{J)= x{1)
X(I)= 1

= Y(1)
Y{JI= Y(1)
viI)= 1
CONTINLE
CONTINLE

RETLRN
ENC

N b N AR DN LD AN

O b N AT B L) A

AY b O3 A AR ot O AR DN LAY e P D IR AN BN LD N
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e Eake]

60

1¢

DUMMY FLOTTING ROLTINE - EACH LSER MLST wRITF HIS (WN SUBRCUTINE
TO FIT THE PLCTTING EQUIPNMENT avAILARLE TC HI VN

SURROL TINE CRAFIC

LOGICAL PWRSKP ¢ PISSKP ¢yNRMSKP 4P TSKP

REAL MACH,LOSS,MU

COMMON 78RRAYS/X{11) 9P (1142C) ¢yMACH(LL 420) 9L (1L 92C)sT(11,20),

1 RENCLLy 20)9REPCLL92C)YoFRICT(1142C) oHILL y20) 4XCRAR(20 ),
2 PCWER(2C),FORCE(2C) ySTIFF (20) ,FBAR(20),EL1 (60) HMELN{20),
2 Fz(€C)

1

1

1

COMMNN 7CONSTS /CAMMA JRDTFyR1 4PECCM{6) gy TCyFCoF3 yFToRGASHyLLSS y MU, F I,
RULNIVI2)yCNVT(11,92) 4NET

COMMON JCTIILE/TITLEC(L12)

COMNMON ZLCGICL /PWR SKPy NRNSKP 4PRSSKkP,PLTISKP(9)

WRITE (€, 1C)

FORMAT (1F1,47HFLOTS CANNCT BE MADE BY THE SUPRCUTINE SUPPLIEC)
RETLRN
ENDC

RLOCK [ATA SUBRCULTINE FCR CCASTANTS

BLOCK C[214
COMMIN/CONSTS/COLTYyPI yRUNIV(2) yCAVT(LL 2)4NST
COVMON/PRNT/C1(4),C204),C2(4),C4(4) ,C5(4) C6(4),CT(4),C8(4),BLAMNK
CATA PI4y(RUNIV(I)s1=1,2)/ 3.1415%27, 8.3l436E3, 1545.4 /
DATA (CNVT{T, 1),1=141107 .145G1E=5, 11043y 2%1l.y «50515%4L 2,

€x1., /
DATA (CAVT(I,2),I=1,11)/ 1.57€3¢CE~1Cy 198.6, 720.0, 13.405823,

13.C83, 1728+, 4%.833333, 42.42, 33000.04 4.4756636, 32.174/

DATA (CI(I1)e1=1,y4)/¢4 1éH POwy6HER 16 F /
DATA {Czll)yI=1y4)/EHNIVMENS,6HICNLE $y6HS CUAN,6FTITIES/
FATA (C2(1)yI=1y4)/7€H PRESS,6HURE DI Z6HSTRIBU,6+TICNS /
DATA (C4(1)s1=1,4)/€HPCWER 46H r 6H XCU 6+BAR)Y /
DATA (CE(1)yI=1,4)/€HFCRCE ,€H 16H  PRES 46FSURE /
DATA (CE(T)yI=1,4)/EHTEMPER y6HATLRE 46H DEN,6+SITY 7/
NATA (CHI(I)yI=1,4)/E4MACH N,6HULMBER 46H RE NU,6FVREF /
DATA (CE(1)yI1=14y4)/EHFRICT ,EHFACTCR,6H 16+ /
DATA PLANK/6&H /

ENC
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APPENDIX D

SAMPLE OUTPUT

FROGRIM For wGaSh=b Olariolundl bLia A1Tr FAILTILN ANL 3<io _arLuslUn

SeMrle rRuBbEM = AkEe EAFARNSIGW Paluxbd - 31 UNIETS
INPLT Lals =
i METFKYN Flabvada ALLZCULAL wr fontT [ SLYERS S
Wen/aF=ul JebwoEriLa PA-TR TR ERETITERS
R2ebETFRS Fealedha Loy dUULES/Ru-cu & KILAYINAN)
Gatthsb=id Jelusctio Veluuctus 244000
FLLw LERGTHOMFTERS PL/ve SAMEA NILALNAS D
Je Ue Lewvu 130
Bl wlGTFomETExS Theto w VISLLSITY WN=seC/ug Jr e LIMIT RE (LA4INA)
[ . 3lls [V} 23))e)
LLSS Gutre SPHEUy <FS o (TURBJLLNT)
ledu Je 0.7930:-01
VaM/SEL Nt TURSULZMTY
0lede Je 200
Udabr LIMIT 37 (TUu< 3)LENT)
331
CiTvil RETa -
k) METENRS PL i3 mA AJLELULAR wt [5HT CaLLuLads
CedZut=014 Jabwabrdo 204900 bbbl Al
R2WMeTFRS PI/NSFA CPyJUULES/RG-UEL K POWZR
GeralF=01 UeiUsEruo Yeludr tus
OI4INSTIONLESS SUANTITIES
FICw LENCTRJMETERS Pu/r GAMMA
el iF=(2 te035 Lewyd PRISSURE ODISTRIRYTIL NS
FEAR HLiiw wlOTH METERS TusuEo & VISLLStTY g0~ C/ M2 PLIT
Gedr9F 400 LYY RN Y Us LYOUE-J4 FIEBBRK K TH AU R LA AR v
GAS CLASTANT o JUULES/KG=UZG K SKLEU,PPS PCWEP XC{RATY
JeddTE+ > lioel0
FORCE PRESSYPE
LLSS LUEF. VeM/SCL
[N JeolldEe ) TE APZRATURE DENSITY
MACH NUM3EF RT NUMYTR
FRICT FACTOR
EELEEPEREBBE AN INU 4 X KXSRBELSRERR
* *
* / = CHUKREG FLun *
= + - TRANSIThon REGLUN *
- T - TurBULEWT FLuw *
*® *
¥EAEBEBN PP PSR E TR LR BRI RN KR IR N
FllmaRD ALMIN) blbra MlLuT) & RE L) STIFFNLSS FJRCE
*ETF XS METERS rALLANS KG/SEL SCa> N/M N
GelEsb=-08 CeaGsk=L ~Usllt=u/ JelovE-ua Ve ddui=dl Gas 008 Ce 7418400 l48e 3
Lellle—ila Jewn3F=0n =us lulc =2 U LTIE- g Jetnic~)i LeoeS JelBIE* 0 147.)
/ Lelelr~04 Cel/ZlE=ve =Gs dLUE=Je Jelooe-i2 Oelan i5Yed ~Us167E+00 Labed
/ Cet92F=0a Gebubr=vae —Lslulc-u’ vetloz=L2 Cadil Ly3ey GelUbE+UE 14506
‘ el tdr=ua et llE-Gu =Cellur-u2 weBLIE=UL Jedd s cldei VebduEtuo Landl
/ [PPAET SN Uelw/if-u~ —0e LU -u/ Jefubr=02 Gedod 2083 2. LIYE+ 36 L4443
/ Celewr=u Gal22c-u~ =te luuE -y vek ook Le Jewoe 2906.¢ Ue 69 LE+UE i4let
‘ Le/Y4F-ug Galudb=ta —us luuE-ue dedy i Jen )l 32948 de721E+ 30 14).9
4+ Cel/lGr-ulu Ve 2 T3F-U4 =Us lGub-ug Jeliwc-ul Jel 30345 ) 139.9
i+ BEETLY-E R A YA T I =“Lellur=u/ Jelcoc=tlL Jeoal 2903 V) Lssted
/¢ (e33uF-us Le 424F =04 ~0s10)E-02 Jet3d€-31 Sebsd 4losi J 13342
/T (edStb=dy Cesgae-ve =Co lLuc-us veldle=ul Jeluo 40l Le381lE+00 1372
/T Casdir-u4 CadlCE—(Cn ~Cedout-ur Usiltor=ui Ved 3L LT RY Ge369E+b0 Lisel
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HEMEAN)
INCFES
(«300E-03
Ce40CF-03
’ C.500E-03
/ C+00CE-U3
¢ C.7CCE-U3
/ Ce80CF-03
/ C.900E~03
/ C+100E-32
/+ (e)1CE-U2
/+ C(e)e0E-02
/+ Cel130E-J2
/T («1408-02
/T C«iS0E~02
/T  €.16CE-D2
FIMEAN) =

X
{NCHES

[

C«500E-02
C«100E-01
C.150€~01
€«200E-01
Ce250F-01
€.300F-01
€«350E-01
Ce400E=-01
Cee50E-01
Cs500E-01

H{MIN)
INCFES

0.2715E~C>
0.375E-03
0. 475F-03
Ceb79E=C3
0. 675E-0(3
Qe 775603
C.8175E-0G3
0e975E-C3s
Cel1C7E~02
0s117E-0C2
0« 1£BE-02
Cel37E-02
Cel47E-02
Calb8E-C2

0+300E-03 INCHES

H
INCHES
0« 325E-03
Ce320E~-C3s
0.315E-C3
0e310€~03
0.305€E-03
€+300E~03
Ve 295€-03
Ce290E=-03
0.285E-03
Lo 2BOE=-03
0e23%E-03

F(MEAN) =  0.400£-03 INChES

x H
INCHES {NCHE S
c 0e425~-03
Ce5C0OE-02 Qe420E=-03
C«1COF-01 Ce415E-03
Cal150F=01 Ce410E-C3
Ce20CE-01 Qe@0bE=-05
TL2%0€E-01 Ce©QOF-03
+3CCF=-01 Ce 395E-C4
€ .350F=01 Ce3S0E-03
LeuUCE-0]) 0e385E-0C3
Ce4SCE=-U) Ce3BUE~U>
C.%00F=-ul Ce325E-G3
FIMFARN) = UJS00E-U3 INCHES
X H
INCHES INCHE S
C Ceb2%E~U3
Ce50GF=-00 Cad20E-U 3
ColUUE=UI] CoeS5UDE~U3
CelSCE-GIH Cevl0E-US
CelGUF=U1 CeB05E=00o
Ce/5GCF=-01 C+H00E-L 3
CeduCF=adi Ce495E~iis
Ca350F=-01 Ce490E~U
Ca403E-01 QetlinE=us
Caeb0F=-U1 LoeBUF=0Lo
GCendOCF- M Ced25E-Us
FIMELN) = 1.600F=03 [NCHES
x N
INCHES INCHES

62

(

[ S XVIVE LN P4
(elGLF=ul
el &b =014
LelOlb=u)
Ca/Hd=-ul
(eduGF=-us
Lesoir=ui
Camulde= i
CewnuF=y
Centue=ul

et CE=(y
Cavdib=Us
CenlvuF-61
LeolOt=u>
Lealur-u,
CenbUr=is
Ceduhe iy
Cenbuc-us
e MY =y
Cenauf —ud

Ve lor~ys

ALPHA PCWER
RACIANS HP
-0+ 1CCE-02 LedZ5E~C2
=Ce100E-J2 Jebl6E~Q2
-CelGUE~UL Oewb89E-C2
-~C«10CE-02 Je4Jd5E-02
-C«100E-02 U«344E-02
=Ce100E=-02 Je249E-02
~CelCCE~D2 Uel64E-02
-C«100€-02 Je237E-02
=-CelLGE-U2 [}
~{edlOE-UL 0
~Ce1COE-02 Q
-(«1CCE-02 [V}
-Ce10CE-02 0
=-CeLCULE-V2 V]
hl = Je325E-J)3 INCHES
t2 3 UsZ15E-03 INChES
MACH VELUCLTY
NuMBE K FT/5EC
Cel04 12017
0e110 1e7e1
Callb 13446
Oel24 1435
Oels3 1543
O0e145 167.8
Cel60 1854
Ce182 21040
Ce2le 2470
{e270 317.9
0509 51245
Kl =  (e4256-03 INCHES
H2 = U.27%E-03 INCHES
HACH VELGCITY
NUMBER FT/SEC
Cel73 2001
Celli2 21)e0
Oeu92 ko
Cozu3 234 .Y
Qecl? 2511
Cedsd 2711
Oedbb 2510
Ue2b9 33262
[ ET 3850
CaaZl 4l9e8
Cel7a 4509
hh = Ue9529E-J3 INCHES
he = Ue4lve-C3 INCHES
MACH VELCCITY
NLMBEK FI/5EC
Cecal 27142
Cecdi 2891
Cectn 3C4 U
Ueely 32461
LecSe 34ued
Ce318 36443
[ELY] 39425
Ue 282 43Ce3
0e435 4490 ey
Getle 55063
leLUU Ue LCOE+ LS
Hi = JUeb25E-J3 INCHES
he = Ue%195c~03 INCHES
valH VELLLITY
NUMEEK FT/SEC
Cadul 34249
Ce3ls E-PED]
Lezlt 3760
Cosne 3942
[ “loes
Cenul “vg a0
Coaid alnel
Ceult Y Y]
Lenldu 21l ey
Letic olael

LelLuy

veblLubr (s

H{SHEAR) DELTALT: TORQUE
BTU/MIN DEG F FT-L8
0+350 L3.96 U«391E-01
Je261 4ed51 0.292E-01
0+2ud 2284 0e232E-01
00172 10293 Je 192E~01
Qel406 De822 O« 163€E-01
Qeled Jab07 Qe 142E-01
Oelle Qeals 0+1258-01
Qe100 0e315 0el12E-01

[¢] 0 Q0
g V] ¢]
0 Q ]
[ 0 0
0 0 0
[+] [+ 4]
DA/UR = 0e.l88E-01
UAZA(MINY = Q.l64
DENSITY PRESSURE TEMPERATURE
LB=SECL/FT4 PSIA DEG F
GeS0BE-02 6451 S8.79
0e933k-J2 62010 98 .66
0+893E-02 59447 G849
Ced50E-V2 56458 G829
0«802E-02 53.38 9d .02
QeT49E-02 49+ 79 97.66
0.688E-0¢ 45.70 9714
Qeo0l7E-02 4J0e93 96433
0+532€8-02 35417 94.90
0.421E-02 27068 91 459
0e230E-02 15.0) T2+43
UA/DR = Qe182E-01
DAZA(MINY = Q.llo
DENSITY PRESSURE TEMPERATURE
LB-SECZ/FT4 PSIA DEG F
0e959E~02 6340606 96.67
Je924E-J¢ bleg6 9633
UeBHOE-02 b8.066 95492
0e843E-02 554 95.41
QeT97E-02 52474 G415
UeTaTE-U2 49429 93.88
Jebo9e~02 45440 92.66
Ve b2 3E~-J2 4Ue9) 9001
O«544t-0¢ 35450 87«67
Uet4le-04 28446 8084
Ve lblE~J2 15600 39.75
DA/DR =  Qel75E-U1 ALPHA
DA/A(MINY = (Q.886E-01
CENSITY  PRESSURE TEMPERATURE
L8-SEC2/FT4 PSia DEG F
Oe940k=-02 62e44 93.60
Je913E-22 6017 93.02
0«8/7E-0& 57473 G2e31
QedsdE-U2 55409 Gle44
JeTYor=32 52421 9035
CeT49E-02 49.02 48492
Geb97E-UL 4He4d 56498
0e6317E-02 4le34 B4el6
JebbbkE—-U2 3642 7957
Qe laer=-02 29499 70439
Ce2lVE=-Q2 15«00 bebO1
LVA/ZUR = (esl69E-V1 ALPHA
VDA/A(MINY = 0.706E-01
DENDLITY PRESSURE TEMPERATURE
LB=5EC2/FT 4 PSiA DEG F
Je93le=u¢ bled4 G004
Je9loe-Jd2 HBe 95 89422
VeoudE-u2 20. 70 boel3
OeBiall=Ue Saegu 8Te05
Qe ddwt-Jdc 2Letd 85457
Ve 752502 “deld 83.70
Je fUDL-uZ 4bab} 8le21
Vebbb-0U2 4len) 17.171
GedbYz-us FYEEY) T2e29
Cedudb-ud 101 6219
CedloL=~ul lde i - YY-U'N)

{SUBSONIC FLOW)

RE(P)

159.9
159.7
1595
159.3
159.1
159.0
158.8
158.8
15848
1593
163.5

RE(P)

344+5
34401
343.8
343.5
343.3
343.2
34342
343.6
34446
3474
368.8

ALPHA = =0.100E-02 RADIANS

FRICTION
FACTOR
0.150
0.150
0.150
0.151
0151
0.151
0.151
Je151
0.151
0.151
0147

ALPHA = -0.100E-02 RADIANS
(SUBSONIC FLOW)

FRICTION
FACTOR
0-697E-01
0.697E-CL
0.698E-C1
0.699E-01
0.699E-Cl
0.699E-01
0.699€E-01
0.699t-01
0« 69TE~-0L
0.691£-01
Je651E-Cl1

= =(0«L00E-02 RADIANS

RE(P)

583.9
5834
583.1
582.9
5829
583.2
5339
56543
568843
56542
6571

FRICTICN
FACTOR
0.411E-01
J+411E-0L
0.4128-01
0.412E-01
3.412E-01
0.412E~0}
0.411£-01
.41 JE-ClL
0.408E-Cl
0.403E-Cl
3.365E-01

= =0e100£-02 RADIANS
{

CHUKED FLOW?}

RE(P)

£5745
85742
B57.1
8572
8570
858.6
06603
B€3e S
B6B.d
4304
G0lel

FRICTION
FACTOR
0.2807-C1
02890 -C1
0.280E-ClL
Ve 2807 -ClL
o282 -1
062807 -01
0.279¢ -0l
Je 278 -Cl
0.276" -ClL
0e2737-ClL
Je253(-71



FIMEAN) = 0.178E-04 METERS

]
METERS

Q

Ce127E-03
0e254E-03
Ge381E-03
C+5C8F-03
0.635€-03
0.T62E-03
0+.889E-03
Ge102€-02
Cell4E-02
Ce127€-02

HIMEAN) = 0.203E-04 METERS

X
METERS

[

Cel27E-03
0e254E-03
0.381€-03
0-506E-03
Ce635€-03
0.762E-03
0.889E-03
C.102E-02
Jell4E-02
Gel27E-02

F(HEAM) = 0.229E-04 METERS

x
METERS

Ce127E-03
0+254E-03
Ge381E-03
Ce5C6E-03
Ce635E~03
0e762E-03
N+889F-03
0.102E-02
Os114E=-02
Cel27E~02

H{MEAM) = 0.254E-04 METERS

X
METERS

0.427€-03
C+254F-03
C«381E-03
Ce5CEE-03
C.635E~-03
CeT762E-03
0.889E-03
C.102€-02
Cel 1 4E~D2
G.127F-02

HIMEAM) = 0.279E-04 METERS

X
METERS

[

Cel27E-04
Ge254E-03
C.381F-03
C+908E-03
Ce635E-014
Ce762E-03
C-889F-03
Cel1026~02
CollaF-v2
Cel27€-02

H
METERS
Oe184E=04
0.183E-04
G 182E~0%
0e18IE~04
Qe 1 79E=-04
O« 78E=-04%
0.177€E-04
Qel75E-04
0« 174E~-0%
0s173E-0%
QeL71E-0¢

HE?ERS
0«210E~04
0«208E-04
0« 207E-0%
0+206E—-04
Qe 204E-04
0.203E=0%
0202€-04
0.201E~04
Qe 199E~00
Ce158E-04
015 7E=U%

H
MEYERS
0«235E-0¢
0+ 234E-04
Ge232E~04
0+231E-04
0.230E-04
06 229E=04
0e227E-04
0. 226E~04
0e225E~04
0o 224E~-04%
Ge 222E~04

H
METERS
Ce260E~04
Qe 259E~04
0« 258E~04
0e257E~-U%
0«2556-04
Ge 254E-0%
Ce 253E-04
0«251E~C4
Ce 250E~04
O0e249E~-04
Ce248E-U4

H
METERS
0+286E=0U4
O« 284E-04
Qe 28 3E~04
Ce282E~04
0« 281E-04
0e«219E~04
Ge 2T78E-Cé
Ca277E-04
Ga276E~04
Ve 274E~Cé
0e273E-0%

H1
H2

MACH
NUMBER

Qo354
G.368
C.383
Je 400
Cedzl
Qo445
Cesl6
04515
0.569
Q.656
1.000

MACH
NUMBER

C.401
0+415
0430
Qe 448
Qe 4069
0o 494
0e524
Je563
0s€15
0.6G8
L.000

MACH
NUMBER

Cebal
0455
Geall
Qe 490
Ce511
0.535
0.565
Get03
0+653
0.731
1.000

Hl =

H2

MACH
NUMBER

0.477
0e491
Ge5C7
0.525
0e546
0.570
U599
Ce636
Q664
Cei57
1.000

hl =
h2 =

MACH
MUMBER
0.500
0514
U526
Ceb47
Ce 5067
Ce591
Qe0i9
Oeb04
G. 700
Oe 769
1.0u00

O« LB4E~04 METER
Ue LT1E=Q4 METER

VELUCITY
M/SEC

12367
12843
133 .4
139.4
l40.3
15445
1645
177.4
19540
22247
3228

Oe210E-04 METER
0. 197E-J4 METER

VELOCITY
M/SEC
139.4
144.2
1495
15545
16244
170.6
18045
193.0
209 .3
23546
32248

«235E~-04 METER
0 222E=)4 METER

VELOCITY
M/SEC
153.1
157.0
163.1
l169.1
171640
1841
193.7
205.7
221 «6
2455
3228

0. 260E~04 METE
Oe248E-34 METE

VELOCITY
M/SEC
164.9
169.0
174.9
1808
187>
1954
2047
2161
2312
253 .4
32248

R
R

RS
S

RS
RS

RS
S

S
S

0+286E=04 METERS
Ve 2T3E~04 METERS

VELOCITY
M/SEC
1724
177.1
18242
1879
194 ¢4
<024
210.9
218
23601
251.1
32248

JA/UR =
DA/ACMINY =

DENSITY
KG/M3
4e717
4¢573
4+420
40255
4.0717
3.882
3605
3.419
3.129
ée155
1912

DA/ DR
VA/A(MIN) = Je4BS5SE-

DENSITY
KG/M3
40637
4s500
403606
4.217
4055
3.878
3.683
3.461
3.200
24804
Ze 100

/DR

0.413E-03 ALPHA = —0.100E-02 RADIANS

0.579E-01 {CHOKED FLOW)

PRESSURE TEMPERATURE RE(P) FRICTION
N7M2Z DEG K FACTOR
Ge4LLE+06 303.5 0.115E+04 0.208£-01
0.398E+06 302.9 0.115E+04 0.208E-01
0.383E+06 3023 0.115E+04 0.228E-01
0.368E+06  301.4 0.115E+04 0.208E-0L
0.352E+06 30045 0.115E+04 0.208E-01
0.333E+06 299.2 0.116E+04 0.208E-01
J.313E+6 297.6 0.1L6E+04 0.207E-01
0.290E+06 295.5 0.116E+04 0.206E-01
0262E406 292.2 0.117E+04 0.205E-01
0.22TE+06 286+ 4 0.119E+04 0.202E-01
0.142E¢06  259.3 0.128E+04 0.187€-01
= 0.397E-03 ALPHA = —0.100E-02 RADIANS

01 {CHOKED FLOW)

PRESSURE TEMPERATURE RE(P) FRICTION
N/M2 DEG K FACTOR
0.401E+06 3014 0.146E+04 0. 164E-01
0.389E+06 300.8 0.146E+04 0.164E-01
0.376E406 32040 2+1646E404 J+164€-01
0.362E+06 299.1 0.146E+04 0« 164E-01
0.347E+06 29840 014 TE+04 0. 164E-01
0.330E+06 296.6 Je14TE+04 0+163E-01
0.3126+06 294.9 0.147E+04 0.163E-01
0.291E+06  292.6 0.14B8E+04 0.162E-01
0.266E+06 289.2 0.149E+04 0.161E-01
0.233E+06 283.5 0.151E+04 0. 159€-C1
G.156E406  259.3 0.162E+04 0.148E-01

DA = 0 1E
DA/ZA(MINY = 12E-

DENSITY
KG/M3

4561
4edll
403113
4e 177
4029
3.869
3.691
34490
3253
2948
20252

DA/ DR =
DA/ZA(MINY = 0 354E-

DENSITY
KG/M3

4491
44380
40263
44137
4002
3.855
3.693
3.509
34292
3.014
24375

OA/OR
DA/ZAIMINY =

DENSITY
KG/M3
40443
44340
42230
40113
3.987
3.859
3.699
34527
3e324
3.0062
24446

ALPHA = -0.100E-02 RADIANS
{CHOKED FLOW}

PRESSURE TEMPERATURE RE(P) FRICTION
N/M2 DEG K FACTOR
0.392E+06 299.5 0.178E+04 0.135€~-01
0-381E+406  298.7 0.L78E+04 0.135E-01
0.369€+¢J6  297.9 J.178E+04  0.135E-31
0.356E+C6 29649 0.178E+04 0.i35€-01
043426406  295.7 0.178E+04 0.135€-01
0.327E406  294.3 0+179E+04 04134E-01
0.310E+06  292.4 0.179E+04 0.134E-01
0.291E+06  290.1 0.180E+04  0.133E-01
0+268E+06 28647 0.+ 182E+04 0+132E-01
0.238E+06 2811 0.184E+04 0.130E-01
0.1686406  259.3 0.196E+04 0.122E-01

365603 ALPHA = -0.100E-02 RADIANS
01 (CHOKED FLOW)

PRESSURE TEMPERATURE RE(P) FRICTION
N7M2 DEG K FACTOR
0.384E+06 297.6 0.210E+04 0.114E-01
0.373E+06 29648 0.210E+04 0.114E-01
0.362E426  295.9 0.210E+04 0.114E-01
0.350E+06  294.8 0.210E+04 0.114E-01
0.337E+06  293.6 0.211E+04 0.114E-01
04323E¢36  292.1 0.211E+04 0e114E-01
0+308E+06 290.3 0.212E+04 0.113E-01
0.290E+06 267.9 0.213E+04 0.113€E-01
04269E406 28445 24215E+24 0.112€6-01
0.242E+406 279.1 0.218E+04 0.110€-01
0.17TE+06  259.3 04230E+04 0. 104E-01
= 0.350£-03 ALPHA = =0.1J0E-02 RADIANS

0.307€-01 {CHOKED FLOW)

PRESSURE TEMPERATURE RE(P) FRICTION
N7M2 DEG K FACTOR
0.378E+06  296.3 0+239E+04 0.104E-01
0.368E4¢06  295.5 0.239E+04 0+104E-01
0.358E+6 294.6 0.240E+04 0.104E-01
0.347E+06 293.5 0.240E+04 0.105€-01
0.335E406 29243 0+260E+0% 0.105E-01
0.321E+36  293.8 0.241E+04 0.105€-01
0.30TE+06  289.0 0.242E+04 0+105€-01
0+290E+06 28646 0.243E+04 0.105€~01
0.270E+36  233.4 J.245E+06 0.105€-01
0.245E+06 27842 0.248E+04  0.105€-Gl
0.182E+06 259.3 0.262E404 0.105€-01

63



HIMFAMN) =

HEMEAMN) =

H(MEAN) =

HIMELN) =

H{MEAMN) =

64

X
METERS

Cel27E~03
Ce254E-03
0+381E-03
Ce06E~03
Ce6356-03
Ce762F~03
C.889E-03
Ce102E-U2
Cell4E-02
Cel21E~02

X
METERS

0

Gel27E-04
0«254F-03
Ce381E~03
C«5C8E-03
0.635E-03
Ce762E-03
0.889E-03
0+102€E~02
Oel 14F-02
Oel27E-02

X

METERS
0
0e127€-03
Oe254E-03
G.381E-03
Ce5C8E~-U3
0«635€E-03
0.762F-03
GCeHH9E-03
0« 07E-04
Col d4E~-02
Cel27E-02

X

METERS
4
0e127€-03
0elS54F~03
Ce381F-03
CeCBE-LY
Ce635F-04
Le762F-03
CsB69€=-03
0.102F=02
Cal L4F-U2
C.l21E-02

x

METERS
G
0.127€-13
Qedb4F~13
CedblF-01%
Ce508F=-01
Cedbr—ui
Celo2€-11)
{obBYE-U3
Cel02k=-02
Lel L4E~-07
Cel2TF~012

Ue3U5E-04 METEKS

H
METERS
Ce311E-C4
0+ 310E=U4
Qe+ 309E-C4
C+307E-C4
0o 306E-04
0.305E-04
0« 304E=-04
O« 302E-U4
Ce3L1E~0Oe
0.3C0E-04
Ve 258E-Co

043306~-04 METERS

H
METERS
Qe337E-04
0«335E-04
0«3 34E-04
Ce 333E-04
Ce331E-04
0+ 330E~04
Oe329E~U4
0.328E-04
Je 326E=04
0e325E=U¢
Oe 324E-04

Je356E~04 METERS

H
METERS
0+ 362E~04
Oe 361E~0%
Qe 359F-04
Qe 358E=04
Qe 35TE~04
Ve 356E-04
0+ 454E-04
Ge353E~04
Oe 352E-0%
O0s 351FE-U%
Qe 349E-0%

Je381E=-04 METERS

H
METERS
0.387E-04
0. 386E-04
O« 3B9E-C4
Ue 3H4E-G4
0.382E-04
0e381E=04
Ce3HUE~US
0.378E-04
0.377E-04
0.3706E-04
0e¢375%€E-0%

Je4)6E-04 METEKRS

H

METERS

Ue4lIE-U4
Os011E-04
CeelUE=-Q4
UebUYE-US
CenQBE=04
CevlbE~US
Ce4UYE=C4
0e404E-Ue
0+4U3E-00
Ce4QiE-US
Ce@GUF =04

Hl = Q.311E-04 MEIERS
H2 = 0e298E-04 METERS
MACH VELOCITY

NUMBE K M7SEC

C.511 176.1

0.545 180.7

04540 185.8

0.558 191.4

C.578 197 .5

0.601 205.3

0.629 21440

0.063 224.8

a.7c8 23844

C.776 259.2

1-000 322.8
HL =  0e337E-J4 MEIERS
H2 = 0.324E-04 METERS
MACH VELOCITY

NUMBER M/SEC

0.522 179.6

0.535 1841

0.551 18941

0.568 194.4

0.588 201.1

0e6il 20845

V.639 2171

0.672 221.7

0.7117 26416

0.784 2615

1.000 322.8
HL = Ue362E-04 METERS
H2 = 0.349E~04 METERS
MACH VELOGITY

NUMBER M/SEC

0.534 183.8

C.548 18643

0.564 19343

G.581 198.8

0.601 205.1

0.623 212.3

0.650 220.8

0.684 2312

0.7217 24445

0.792 26440

1.000 222-8
hl =  0.387E-04 METERS
H2 = W.375E-04 METERS
MACH VELGLITY

NUMBER M/3EC

0.547 187.4

0.561 19243

C.b76 197 .2

0.593 20247

G612 208.8

0.€35 215.9

0.661 22402

0.694 234 .4

0.1737 24744

€800 26043

1.000 322.8
HlL = 0.4l3E-J4 METERS
H2 = U.4U0E=04 NETERS
MACH VELOCITY

NUMBER M/SEC

Ce558 191.0

Qo572 19640

Ca587 200.8

UsbU4 20042

0.623 213

Uetdd 21942

Vet i2 216

0. 704 23743

C.145 25040

V. 6GT 26t6.4

1.000 322.4

DA/UR = 0e334E-)3 ALPHA = =2+,100E-02 RADIANS
DA/AIMINY = 0.268E-01 (CHOKED FLOW)

DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
KG/ M3 N/M2 DEG K FACTOR
40419 U«375E+06 2957 0+265E+04 0. 106E-01
4.3l0 0+365E+06 29449 0.265E404 0.106E-01
40211 0355E+ 26 293.9 0.265E+04 0-106E-01
44097 0. 344E+006 2929 0+266E¢04 0« 106E~01
3.974 0+4333E¢06 291+6 0.266E+04 0.106E-01
3.841 0+320E+)06 290.1 026TE+04 0.106€E-01
34693 0+306E+006 288.3 0+268E+04 0+106E-01
3.526 0.289E+C6 28640 0269E+04 0. 106E-01
34329 0270E+06 282.7 Je271E+J4 Je1)6E-01
3.074 0«245€E¢006 2777 Ve 2T5E+04 0+ 106E-01
2.476 Qe184E+06 2593 0+289E+04 0.107E-01

DA/ DR =  0.318E-03 ALPHA = —0.100E-J2 RADIANS
DA/ACMINY = 04235E-01 (CHOKED FLOW?)

DENSITY  PRESSURE TEMPERATURE RE(P) FRICTION
KG/M3 N/ M2 DEG K FACTOR
4.396 Ue372E+006 29541 04291E+04 0.107€-01
40297 0+363E+06 29402 0.291E+0% Qe LIT7E-0OL
4e193 0+353E+06 293.3 0+292E+04 0.107€E-0L
4.081 0.342E+006 292.2 0+292E+04 0.107€-01
3.961 0.331E+06 291.0 0.293E+04 0. 107€E-01
34831 0.318E+06 28945 0.293E+04 0.107E-01
3.647 0+304E+006 28T.7 0.294E+04 0.107E~-01
3.524 0+289E+06 285.3 0296E+04 0.107€-01
3.331 0+270E+36 2821 0.298E+04 0.107€-01
3.083 0e245E+06 277.1 0+302E+04 0.107E-0L
24503 0+186E+06 259.3 0.318E+0% 0. 105E-01
DA/OR = Qe3)2E-)3 ALPHA = -0.100E-02 RADIANS

DA/A(MIN) = 0.207E~01 (CHOKED FLOW)

DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
KG/M3 N/ M2 DEG K FACTOR
4.364 0+369E+06 294+3 0+319E+04 0. 105€-01
4.212 0+360E+06 293.5 Je319E+04 0+195€-01
4.170 0+350E+06 292.5 0e320E+04 0.105€-01
40062 0+340E+06 29144 0+320E+04 0.105E~01
3.945 04329E+J06 29062 Jed21E+04 0+ 105€-01
34819 Oe316E406 288.7 0+321E+04 0.105€~01
3.680 0+303E+06 280.8 0.323E+04 0. 105€-01
3e522 0+288E+G6 28445 0+324E+04 0.105E-01
3.3306 0.269E+06 281.3 0+32TE+04 0+ 105€-01
3.097 0+246E+006 27644 0.331E+04 0.104€~01
24534 0« Ll89E+006 25943 0e34TE+D4 0+103E-01
DA/LR = 0.286E-33 ALPHA = —=0.100€E-02 RADIANS

DA/ACMINY = 0.183E-01 (CHOKED FLOW)

DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
KG/M3 N/M2 DEG K FACTOR
4o 340 0+366E+00 293+ 6 0.348E+04 0.103€-01
4e2417 04357E+26 29247 2.348E+04 0« 103E~01
4elay 0+34TE+06 291.8 0+348E+04 0. 103€E-01
44064 0+337E+00 290.7 0+349E+04 0.103E-01
3.931 0432TE+D6 PTLIYY De349E+ 04 0.103€-01
3.809 0.315E¢06 287.9 0.350E+04 0.103E~-01
3.014 0e302E+06 286e1 0.351E+04 0.103E-01
3452¢ 0.287E+00 28348 J+353E¢ 04 0+102E-01
3.343 0+269E+006 280.6 0+356E404 0. 102E-01
3elle O0e246E+00 275.8 0+360E¢04 0. 102E-01
244912 0«191E+06 259.3 0.37TE+04 0.101E~01
DA/ UR = 0.2T0E-03 ALPHA = -0.100E~02 RADEANS

DAZAIMIN) = 001626-01 (CHOKED FLOW)

DENSITY  PRESSURE TEMPERATURE RE({P) FRICTION
KG/M3 N/M2 DEG K FACTOR
4e314 0.363E+006 292.8 0.376E+04 0.101E-01
4224 0+354E+ 06 29242 ).376E+04 0.101E-01
40128 Ue345E+00 291.0 0+3TTE+O4 0.101E-01
40027 04335E¢06 289.9 0.377E+04 0.101E-01
3.91s 0.325€E+)6 28847 3+ 3TBE#O4 J«121E-01
379y Os313E+00 287.2 0+379E+04 0.101E-01
J.609 0.30LE+06 28544 0+ 380E+04 0+101€-01
36522 Je2806E+ 36 283.1 2.382E+04 J«1J)E-21
3348 0+269E+00 268040 0.385€404 0.100£-01
ERY P UslaTE+V0 27543 0+389E+04 0+ 100E-01
20602 Jel94E+I6 2593 Oe4JBE+04 J.9890-02



FROGRAM FOR QUASI~ONE GIMENSICNAL FLCw wlTH FRICTICN ANDC AREA EXPANSICN

INPLT CATA ~

Rl

SAMPLE PRLBLEM -

INCRES

3.265C

R2.

INCHES
C

3.315

FLCu LSNGIh.INCNES

FLOw miDTF.INCHES
'

CUTPLT CATA

ENENENENEN

‘+
‘e
T
"
[as

LENENENEN

e
e
Al
1
Al

FLOW LENGT R, INCHES

[

PFAA FLOW
20

FIMEAND
INCHES
€-300E~03
Ce400F-03
(+500E-03
C«600FE-03
C«700F=03
Ce8CCF~-03
Ce900F-03
C«100€-02
(«110E-02
Cels0F~02
C.130F-02
(e140E-02
C«1508-02
[ 1-19 e

FAMEAND

INCRES
Ce30CF-014
C.400F=03
Ce3C0E-u?
CobGGF=03
Ca7CCE=U3
CHCCF=03
Ce9GLE=-D3
ColCCF=u/
LellUF=02
CeliCE-u2
Ce130F-0¢
CelaQE=2
CalvIF=a2
CalElr=)2

«0500

wiDThe INCPES
0217

HIMIND
INCHES
Ce 275603
0+ 375E-03
0e475€E-C3
Ce575E-C3
Qe075E-C3
Cs7215E-03
Cadd95E-C3
Ge975€-03
Qs 1078-02
Csl17E=-02
Col2BE-U2
Cel37E-02
Ced4lE~C2
CoelnEE-C/

HIMIN)
UACHES
Q.215E-03
Jes I5E=GC4
Desi5E=~C3
Ca8T5F=C3
Uea?9%E=-C+
Ce72156-03
Lai5E=C>s
CeSTEF-CH
LelCIE=-U2
QeliTe=-ur
Qs ) 28E-07
Col3IE-32
GelalE=02
CelonF=gl

AREA EXPANSICN FRCURAM ~ Ua Se

UNITS

PLIPSIA MOLECULAR WEIGHT
65460U 284966
P2.P514 CP,BTU/LBM-DEG R
15.00 Y240
PLIP2 GAMMA
. 1.400
10.DEG F VISCUSITY.LB~SEC/ IN2
Lav.0 0
LLSS COEF. SPEED+RPM
1e29 Ve
ViFT/SEC
200.00
PO.PS1A MOLECULAR WEIGHT
65000 28966
P3,PSIA CPyBTU/LBM~DEG R
15.000 Ue240
PO/P3 GAMMA
44333 14400
10,0E6 R VISCOSITY . LB-SEC/IN2
S0l 000 Je215€-08
GAS CONSYANTLE-FT/LEM=-R SPEEDsRPM
53035221 696641
LCSS COEF. Vo FT/SEC
1.00 200.00
FEXREEINSEIR SRS VAR RS IR ER AR S
L]
® / - CHCKED FLOW *
* + - TRANSITION REGION .
® T - TURBULENT FLOUW .
. .
RS XY RIS SRS 2SRRI 222 L]

ALPHA M{LaT) dJd RE(R} STIFFNESS
RADLANS LB/MIN SCEM LB/IN
=0+100€-02 Uelia 1307 94.74 0s 42 3E+04
~C e JOUE-0Z 0.224 24935 12046 0+ Lo4E+04

-Ce100E~02 0379 4.95% 15949 =555.0
-C.100£-0s Veb53 Te24d 194.0 0s118E+04
~Ce i00E=UL Oel40 Sebb7 22843 Je26IE+04
—Ce1G0E-Us V.9 34 12.22 <624 0+348E+04
~Cel0LE~02 1e131 14.7v 29643 Je395E+04
-G dLUE=02 Lede9 17.38 33040 0.415€+04
=Ce LUOE=IZ Le5CY 1574 363.8 ]
~CelluE-02 1.669 led3 39646 0
~CelCUE=0L lenll 390 42942 4
—CelLOE-U2 24003 26420 46148 0. 21TE+04
~CedQOE-De Zelle FIRLY 4940 0+ 208E+04
-C.1C0E-u2 Zessl 3CeT0 52742 CelSBESCS

LLPRE KNLUSEN LAMBLA x{*) P(*)
RACIANS NUMBER INCHES INCHES PSIA

-GCesLGE=U2 Ue2 TOE=C2 OsbluE-vo 0e509E-01 7.169

-Ce LUOE=02 Ua2C3E-L2 Je811e=06 Ue303E=ul 1l.26
~CebLub-us velolE=02 JeBJoE=Ub UesUlE-D1L 15400
~LelLGE=UL Uel 33E=Ce UsBulE=du 0e>U0E-Jl el
~CelULE=U2 UellaeE=C2 Co790t=00 UedUUE-UL 20464
~Cei0JE~U2 JeSoE-33 JeT9TE=D6 Je50E=D0 22467

= Ce iGOE=V¢ weo03E=-C3 GeTyTl=Uu Ue5G0E=01 24431
-CeiLUE=C2 Le ISBE-03 CeTvat-Uo UedUuE=Ul 5464
-CeiLGE-U2 CeleoE-(s C.796E=-Ub UesUvE=Jl bebl

-G lGuE-UL JeuboE~(3 CedUUL-06 Ce30UE=UL 26472
=CaiCuE~u¢ Ueb16E-C3 CedUrE=vo Ge500L-01 21402
=Celluk=ds UedTuE-LS Oeousi~l6 Qebuvi-Ul 2T +40
~CalulE=12 Jedsok=0i CeBunb-Ub QedVUE~TL 2176
=CalCiE=-)2 Jedlwr- )3 Jeddurt=vo VebdJl-ul doedd

F=K/RE®EN
REEAREES

K{(LAMINAR)

24.000

NILAMINAR)
1.00

UPPER LIMIT RE
2300.0

{LAMINAR)

K{ TURBULENT)
0«7900€-01

N TURBULENT)
0+25)0

LOWER LIMIT RE (TURBULENT)
3000.0

CALCULATE
Err

POWER

DIMENSIONLESS QUANTITIES

PRESSURE DISTRI

PLOT
EEREREERERRERES

FORCE

33.34
33.05
33.01
32.95
32.75
32445
32.97
31.66
31.45
31.26
31.07
30.84
30.63
30.42

FORCE

(BAR)
Je 45
Qo639
Je39
Q638
Qen s
0.628
Jen2l
Jel3
0+6039
0e635
0+601
0397
0593
Je 539

BUTICNS

EEak ek

xC

INCHE S
Ge194E-0QL
0e196E~Cl
Je23)E-C1
0.205E-01
Je2)9E-01
0.212E-01
J+215€-01
0.2176-C1
0.219€-01
J.22)E-01
0.220€-01
0.221E-CL
04222€-CL
Je2228-31

xC

{BAR)
3. 389
0. 393
0.401
Qe4l0
C.4l8
0.424
0.430
Qs434
De438
Qe 439
0. 449
Qea42
Oe4a3
Ve b4

65



LN N

IRl
/4
i
1
/T

tiMr

Fibe

Fimk

LY

66

[ I TN
fotrrey
Ledunt=ad
Cetuur- 3
Covubir= 11

(etulir—ud

Cedlitk-uis
Leatt b= s
[ TAENE
{Cabidir=ur
Celll=-uy
Colptib=uiy
Coldstir=irs
Catuut~urs
LedbUr=us
(elelb=u2
END) = Je
X
Ling FES
C

e OUF=-02
LelLuk=0l
Celhub~Gt
Co2Uub~ulil
CeZHUF=ut
CedlUGLE=-UL
Cedaue=di
CetedIE~D1
Cevburk-ut
LedLLE-ul

L0y = Te

x
INCHES

e

CenC k=)0
CelCLF=1ti
CeiHUF=~01L
Ce?GCH=01
Carnir=ul
CetltF=0l
Catbur=ul
Cenvtsilb=0]
CanaCr=ui

CevubF=ui
sty = e
x
NG FES

6

Centilir=u/
Cetubr=a1
et BUE-GI
CeZtF=ul
CesnCE=0)
CesubF=ay
Lethur=ty
Cewdde= i
CeesUF=u1
LebutiF=ul

N te
A
Fiveor o
.
Caneo b =0y
Cetatr=uj
et
Ve v
(A I |
Caviti= g
Vet -t
Cene it =M
Ve te
PR

IR
poeloby
Cozdse-Lo
Seddor=on

>

Cewdob=0
Coentor-01
Ceulur=u3
Ledlddc=)
Cecdot=0U»
Cesiot=0o
e hUIE-L/
Cadlir=Ce
Celetb=us
Cannit-us
(elwlb=Cy
Celoab-t/

sihde=d i

[
INCHES
Cedrsb=-Us
{a3/0F-un
Ca3ldr=0s
[T TV-AVE)
LedUBE-LH
(e 3UOF=-L s
Le /25E-0U 4
(e d9UF-L
JezbBot-Ls
{eldbUF-uo
Casittr-us

“00t=03 INCLFES

H
{NCHES
CoulSE=0Ls
Cordle=ds
CeninE=-Us
Ceallc=Ln
CetduF-us
CanQUE-G s
Ca3¥st=L1
CedulE-G s
Cesb9E-L>
Le28UF =L
Ge2dHe-04

2C0E-Uy INLBES

[al
[EETLTN

Ceblir-us
[PV LIVR Y
Ceblnb-un
Lanlib-us
LeoU9E =0
CabQUF =Ly
Ceuwbl=u>
Cedsu =0
Ceteisb~1 2
LewBULF=0L
Coentur=u)

adJF=04 INCHES

H
Tol e S

e/ Tt -y,

)
PRRAY TV
enlaf =
sl =1
e 0l =u
coUGE =y
PP +
e )
BLET ’

3

)

Y
=t
-t

e n0ut =~y

fentoar=y

INCHES

ALrEw
[ T TR

Flack
Hr

—Geivblz-us Leoeve=L¢
IS VS Jeoine= s
=Lsluvi=uc Ues v —LL
“Lelllt~ue Je+iuz-_2

luur=drs

LuseE=Je

FEELL LW}
Jeldvar=22

1Lt —ue Vedowb=-Ug
wilE=-J/s Jel3lt- ¢
1LuE=us w
tluc-ue U
“vedilue=le v
—veltir -y )
“LeltuE-uUe J
=CeltuE-us o
Pio= sesgvc=J3 INCRE
Fe = werisF=U5 INCRE
FALH VeELLLITY
NLMBE K FI/ak0
Lelly 14Ced
velly Lelol
Lelit li+e0
Lelca L9345
Geloo [E LR
Colud 1ol ed
Celou LiSew
Celn?2 21ded
Cella 247 .0
(elle 317y
uss0S PYFR
Rl o= Leagve=-U3 INCHE
re = Gb=u3 INLKE
FALH VFLuLITY
NUMBE R FT/SEC
Ledls PLYVEY]
Ueabd 21)e)
Veavd ccld et
Ceacua 23444
Jecll 251l
EPESY PERTEY
UelYb 2514 .0
JeloYy 23442
Le 330 Y- RY)
Laswrl “lved
tedllo e5Je
ha = GedgdE~J3 InlhE
Fe = wesilvc=ua INULbE
raCh VELLCITY
MMBEK tT/5ct
[Py 21142
Leedl 2udel
Cactr 1U ey
Gecly s¢iel
Legbe FRIVEYC)
Leall J04ed
[} 3Msed
Lozt LEYaE)
Gadis 45U e
Uetlt PRI
Loy Veluob+(4
Hi o= Uetrat=Jd3 INCHE
te = uetini=l5 INuRE
LW veLLLITY
BLMEE R [P
Catul 34 e
Lot 30 la)
Lazlt NI
[Pre LTI
GCedlon “ioe>
Lesof “aceu
Cenwat d wfvael
Loentt 1iles
Gendu iley
Cetlc Glael
lelLu vetLub+t 4

3

S

S
S

M
S

>
S

flonan) cel Tutl TU=wUL
[CREVIARTEN PRV S FT-ic
Velsou T Ce3%iC-0l
PRI “wenol DedGer-ui
velduu P vecsle—CL
JeiTe Le293 Jei9lE-O1
uelatb Uedeld O+ 163E-01
Jered Jenol de lult-0l
Jelle Vewls ueiedb=-Gl
Jeluy Jeldid Jeld2e-01
v U 9
“ v Q9
[y J S
© 3 9
U 9] U
J V) V]
ua/uk = Ueldot-dl aLPra
LAZA(MING = Jei04
BENSTY FRESSURE TP KATURE
LEt-SELc/FTa PSIa Cio F
CesonL=-ud Gheb] Soelv
Je4o3c~J¢ 02ei) Yd b6
Jet9ae-Us SYe47 S8 o4
Leodub-ud %2090 Goe2Y
JeddeeE=-0¢ 93.33 Yol
Qe la9C-ug 4919 YTa06
Uebtaotl-U« 4% 70 97.14
Oeoiler-02 “JdeY Y6433
Qevi2E-0¢ a%e 17 94490
Uealdlb-ue ¢Te0d Sl e59
Uel230E-02 15.0) T2+43
WA/ UK = Qeldc¢t=01 ALPHA
JA/A(MINY = Usllo
CENSITY PRESSURE TEMPLRATUKE
Lo=5EC/FTa PSia LEG
Je9vvE~Ue €3e00 EURY-R
Jeweab=Je bleco 96 e33
LedbOE~04 D8e 0O YD e9c
Uedarl=us S59e04 9% e4l
Jelwilt-22 5le 14 Yyely
Velwl-u2 “4ve2Yy 938U
Jeobdc—uUld 45940 H2eb60
PRYIPETE N PY 4Jev) YJesl
UeSuar=-0¢ 3hev0 67.617
vebele-ue PR B0 e84
Jedvec-Je 156 3) 3975
UA/ IR ALPHA

LAZALIIND

LENLITY PRESSUKL TEMPERATUKE
Ld=-5clc/FT4 P30A LeG F
Oerrut=dg 0leba 930U
Jedlst-)z 6Jeil S3eJ2
Geblli=-Ue STelo Gledl
Cedoukt=uy Sheud TJLe44
Jeldour=-J2 Seedl YXedn
Celavr-uc 4deud BOeY
UebYilL=~Ug “4De4d 0h 98
Qe lt~02 4Le04 d4elb
Jedbout~ug 3be4e 79517
Jatlwr—-u¢ 993 1J+39
Ceclut-u2 LYetu Lebo
Ua/ur = UsluvE-ul ALPHA
vAs7A(MINY = GelubrL-ul
UENSITY PRESSUKE TLMPCFATURL
LB=3eL2/FTa PSiA DEG F
vebdit-ue oied4 40 U4
Jetdiye~)& PR L ¥yl
Jeoaudb-ue EETNAY] b3ed )
Ueddt=0e Daeds sledd
Jelswi=Jo sletdh uSen !
Uelbe ~ud wBe il H3elU
Gefusi-uv “4Deb1 aleli
Usod Ll -U2 4le0) Tiel1
Gedbdc~=Ug 2fes? 12ed
Cebudt =ul Saeuld ool s
Cedlui-ue Ldeit o d

= Uelloe-0l

Vesubr=Ji

= =Cel0UL=UZ2 RALTN N
(Suns lC FLOAY
RI(P) FEICTION
FA!:'T".J
1939 Dalb)
15«7 Jelvo
L95eb Jelbd
15943 Uelul
1591 JelSl
159.0 JelSi
1508 Jelnl
1538 Jelbl
155.8 el
15943 Qe inl
16345 Jela?
= =UedVUE-Ue RADIANS
(SUBSINIC FLIAD
() FEICTIUN
FALTOR
34905 Ve =11
34441 Qe 6978-CL
>43e8 D685 -1
3439 De699°-Ci
3453 Qe 699 =C1
243e2 Ye 6G9T = (1
343.2 Vs 6997 -C1
34500 o019t =01
34400 Qe 6 fe-01
347en Je&1¥-Cl
36dets JebH 17 ~-C1
= ~0al00U=02 RADIANT
RE(P) FRICTICN
FAL TR
5839 Qe4lli=Cl
53364 Jebilt -Cl
LE3.1 Qe -CL
58279 0e4l2" -01
5829 el - 31
2832 0.412
243e9 0.411°
Hr9eld el ) - T1
bdde s Qe4 )8, =Ci
963l Qea)i ~Cl
6olel JesuhT =1
= =(e1200=02 RAQLANS
{CHLK D FLw)
oM Felo THON
YA
[N ] Qelnd =01
anlel Jeclrr )l -
B9 Tel el d .
157e2 Jesde v
ashleb Jecuws - 4
nHdet Je i =
Vose t v 1Y a
NI et
[T beut
e o/



FiMEAN) =

X H
INCHES INCHES
[4 CeT125E-L3
Ce5008~02 0. 720E~D3
Ce100E-01 CeTA5E-C3
Ce150E=-01 0e710E-G3
C«2CCE~-Q1 0.705E-03
C«250E-01 0.700E-03
€«300E~-01 Ce695E-03
(.350E-01 C+6S0E-C3
C«400E~01 0. 665E-03
Ce450F-01 O+6H0E-U3
C%00E~01 6.6175E-03

F{MEAN) = (0.8B00E-U3 INCHES
X H
INCHES INCHES
[ 0.825E-03
C+500E-02 C«820E-03
Ca100F=-0} Ce815E~C3
C«150E-01 («810E-03
C«200E-01 C.805£-03
Ce250E-01 €. 800E=-03
C-300E-014 0.755E-03
Ce320E-01 0.790E-03
£+400F=0]) 0.785E-03
Ce.450E~-01 0«780E-C3
Ce20CE=-D1] Qe 775E-03

HIMFAN) = 0.900E-03 INCHES
3 H
INCFES INCHES
[} C«925€E-03
0«500E-92 Ce920€-03
C«100E-u1 0. 915E=-03
C.15C€E~-0Q1 Ce910E-03
Ce2008-01 0«9Q35€-03
Ce25CE~01 C«900E~-03
C«300€-01 C+895E-03
C+350E-01 €+890E-03
C«40CE~-01} C.885€E-03
Ce450E=-01 C.580E-03
C-50GF=-01 0. 875€E~03
F(MEAM = (0.100E~02 INCHES
X H
INCHES INCHES
[+ C«103E=-02
0+500€-02 0+ 102E-02
C«100E-01 Cs101E-U2
Cel50E=-01 G«101E-02
Ce?200E-21 0.100E-02
Ce250E=-01 €+ 100E=-02
C.300F-01 C.995E~03
C+350E-01 0.990E-03
Ce«GOF=~01 0.985E~(3
Ce4S5CF-01 0.980E-03
C+5008-01 0.975E-03
FIMEAM) = Q.)10E-02 INCHES
X H
INCHES INCHES
Cc O«1126~02
Ce200E-02 Cel12E-02
CalGUF=01} 0.111E-02
Cal506F-01 Cel11E-02
Ce200F=-01 Cel110E-02
Ce25CGE=-01 Cel10E=-02
Ce30CF=-01 Ce LUSE=02
C«350F-0Q1 CelCYE-02
CeaUGE-u1 Ce1CEE-02
Ce450F-01 O« 108F~02
Cen00F~-11 CeLGTE~OZ

G+ 700€-03 INCHES

hl
h2

o

MACH
NUMBER

L+354
O« 368
C.383
LealO
Ve42]
Cebdd
Ce4lo
Ue515
[7%-1-31
Ceb56
1.C00

Hi
H2

MACH
NUMBER
Ce401
0415
C.430
Ge448
Vo469
Ce494
Ce524
0.563
0,615
0.0698
1.000

H1
h2

MACH
NUMBER
Co44l
0.455
Veall
0.490
0511
0.535
Ge 565
0.603
Ge€53
C.731
1000

FACH
NUMBER

Qea117
0.491
L.507
0e525
0+5406
0570
0. 595
0.636
C.684
Ca757
1.000

Hi
H2

PACH
NUMBER

€500
G514
Le525
Qe547
Qeb07
Ca591
Qe618
Ce€54
Cs 700
UelbY
1000

VELOCITY
FT/S€EC

4058
4208
“37 .8
4572
4799
5068
5368
5819
€396
13045
Je106E+ Q4

VELOCITY
FT/SEC
45745
47340
49043
5101
53249
559.8
592.3
€333
obBed
1729
Je L 06E+04

VELCCITY
FT/5EC

50242
5178
53542
5549
577.5
6039
8355
6749
127.1
8C5+6
Je L06E*C

VELOCITY
FT/SEC

54140
5565
5137
593.2
61543
64049
6715
709.2
15845
3315
Je1L06E+C4

VELOCITY
£T/58C

56548
5309
5677
6165
6379
660
691.8
1ele7
11445
84345
UelUoE+Ca

UA/ Uk = 0.163E-01 ALPHA = -0.100E=-02 RADIANS
DA/ALMIN) = Qe579E-Ul {CHOKED FLOW)
DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
LB-SEC2/FT4  PSIA DEG F FACTOR
0.915E-02 99.60 86430 0.115E+04 0+208E-01
OeBBTE~0Z 57«67 8526 0.115E+04 0.+ 208E-01
G«858E-02 55.61 84.05 Q+115E+04 0.208E-01
0.820E=-02 53.40 82.60 0.115E+04 0.208E-01
0«791E-22 50.99 80.83 0«116E+04 0+ 208E-C1
Ge753E-02 48.36 18+62 0.116E+04 0¢207E-01
0e711E-02 45.42 75.75 0.116E+04 0+ 207€-01
Jeb663E-D2 42406 Tle82 0«116E+0Q4 0+ 206E-01
0.607E-02 38.06 65495 0«117E+04 Q0+ 205E~01
0+535E-02 32.86 55459 Uel1l19E+04 0.202€~01
0e371E-02 23.64 6667 0.128E+)4 0+187E-01
DA/ DR = 0e156E-01 ALPHA = -0.100E-02 RADIANS
DA/A(MIN) = (0.485E-01 (CHOKED FLOW)
DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
LB-SEC2/FT4 PSIA DEG F FACTOR
C«900E-02 58+19 82.58 Oel46E+34 0+164€-01
Qe874E-02 56442 8l.38 Oe146E+04 0e164E-01
0.847E=-02 %4.53 7999 0+146E+04 0+164E-C1
0«818E-02 52.50 7834 0«146E+04% 0+ 164E-01
C.7187E-02 50430 76436 0.147E+04 0e164E-01
0+752E-02 47.89 7392 0e14TE+04 0« 163E~-01
0a715E-02 45421 7080 Qe147E+04% 0+163E-01
DebT2E-32 42.16 6662 Qe148E+04 0+ 162E~C1
0e621E-02 38.52 6056 0e149E+04 Oe161E-01
0e556E-02 33.80 5029 0.151E+04 0e159€~(1
0+438E-02 22«67 64667 Gel62E+04 0+148E-01
DA/OR = 0.150E-01 ALPHA = -0.100E-02 RADIANS
DA/A(MIN) = O0+412E-01 {CHOKED FLOW)
DENSITY_ PRESSURE TEMPERATURE RE(P) FRICTION
LB-SEC2/FT4 PSIA DEG F FACTOR
0.884%E-02 56487 7901 Jel78E+J4 Q«135£-01
0+862E-02 5523 77.69 0.178E+04 0.135E-01
0.837€-02 53+49 1616 0178E+04 0.135E-01
G.810€-02 51.62 7437 Qs 178E+34 Je135€-01
0.782E-02 49460 72.25 0+179E+04 0¢134E-01
0.751E=02 47.39 69+65 0e179E+04 0.134E-C1
0.716t-02 44494 66439 0.180E+04 0s134E-01
0.677E-02 42414 6209 0.180E+04 0«133E-C1
0.631E-02 38.82 56400 G«182E+04 0+132€~-01
0e5TLE~02 34.50 4600 0.184E+04 0+130E-01
Oe437€-02 2431 6.667 0.196E+04 0+122€-01
DA/DR = 0el44E-01 ALPHA = -0.100E-02 RADIANS
OAZA(MIN) = 06354E-01 {CHOKED FLOW)
DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
LB-SECZ/FT4 PSIA DEG F FACTOR
0.871E-0¢ 55463 7565 0e210E+04 0e¢114E-01
0«850€-02 54.12 T4423 0+210E+04 0+114E~C1
0.827€-02 52451 7260 0.210E+04 0+114E-01
0+803E-02 50478 7072 0e211E+04 Qe 114E-Cl
0.777E-02 48.92 6B+50 0.211E+04 0+114E-C1
Ge T4BE-02 46489 65.81 0+211E+04 0+113E~Cl
Ce716E-02 44462 62+48 0.212E+04 J«113E-01
0.681£-02 42405 58415 0.213E+04 0.113€E-01
0.639E-02 39.00 52«12 0.215E+04 0.112E-0C1
0e535E-02 35.03 42446 0.218E+04 0« 117E-01
Oeo LE-02 2%.64 6+667 0.231E+04 0.104E-01
DA/UR = 0.138E-01 ALPHA = -0.100E-02 RADIANS
DA/A{MIN) = 0.307E-01 {CHOKED FLOW)
DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
LB8-SEC2/FT4 PSIA DEG F FACTOR
De862k-02 54«81 73.36 0+239E+04 0+104E-CL
Ve842E-02 5339 71+92 0+240E+04 O« 104F-01
Ge821E-02 51.88 7027 0240E+04 0.105E5~Cl
JeTYBE-UL 5046 68437 2.249E+04 0. 1055-01
Qe TT4E-02 48452 bb6el4 0e240E+04 0«105E-01
0e747E-02 46062 63 ¢46 0.2641E+04 04105€-C1
QeTlac~d2 4445) 6Jel T Je242E+)4 Je135E-01
0+0d4E~0c 42.09 55.93 0+243E+04 04105E-01
0:6450-02 3922 50.07 0+4245E+04 0+ 105€~Cl
Je 594E-32 35¢46 4319 Je248E+D4 J4135E-C1
Oea15:-02 26041 6.607 0e262E+04 04105E-C1
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PIMEBAN) = Ue12UE-U2 INCHES

FIMEAN) =

FINEAN) =

FI{MEAN) =

FIMFAN) 2
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INCHFS

C

CeHCOF-U2
C«l00E~V1
Ce.150€-01
C«200F=U1
Ce25GE~0)
C+300F~-01
C.350F~01
Ce40CF=Ul
Ceeb0E-01
C «500€=ul

X
INCHES
c

C+500F-02
C«100E-J1
Cel5QE~Q1L
€.200€E~01
Ce250-01
C«300F~01
(+350E-01
Ce4QCF=-01
Ce450E=01
C.500E~01

X
INCHES

[

C<500E-02
€+100F=01
C+150€6~-01
C+200E-01
Ce250E~01
Ce360€E=-01
Ce350E~-01
Ce@0CE~-01
Ce450£-01
f«500F-01

X
INCHES
4

C.500E~02
Ca100F~-01
Ce150E~01
Ce200E~01
C.250F-01
C.300€~01
Ce350F~01
Ce400CE~U1
Ce45CE-01
C<5C0E~-01

x
INCRES

C

LS50CE=02
C.luQe~-al
CelS0F~uUli
C«20CF-01
Cel5Uk=Ul
Ce4QGE- L
Le350E~U1
CoeO0E~01)
ConSCF~U
LeSO0CF~01

H
INCHES
Qe122F-02
0. 122E-u2
Ce L21E~Q2
Cel21E=02
Ce120€=-02
Ce 1 20E-~02
0. 119E~02
Ce L A9E-02
0.1 LBE=-02
C.118E=-02
Cell26-02

0+130E-02 INCHES

H
INCHE S
C.133E-02
Oe 1 32E~U2
0«131E=-02
0«.131€E-02
0. 130€-02
Cel30E=02
Ce129F =02
0e129E-02
0«128E-02
G.128€-02
0e127E~-02

0«140E~02 INCHES

INEHES
Oe l42E-02
0¢142E-02
Oel41E-02
Cel41E-0
Ce140E~-02
Ce 140E-02
Ce139E-02
Cel39E-02
0+ 138E-02
0«133E-02
Cel37€~02

Jel50E-02 INCHES

INEHES
Qe 152E-02
Cel52E-C2
CelbiE~02
Oe151E-02
Ce 150E~u2
CeA50E-02
Qe 149E=02
Qe L49E=-02
0« 148E=-02
0. 148E=-02
0.147€=0¢

O 160E-02 INCHES

H
INCHES
0el63E-02
0s L62E-02
CalbiE-u2
JelblE=0¢
Le160E-02
LeloUE~0¢
Qe lD9E-0¢
CelbYyE=-C2
Ce L SBE-U2
CelS8E-0¢
CalalE-ur

Hi = GeledE~02 INCHES DA/UR = Vel31E-01 ALPHA = -0+100€-02 RADIANS
HZ = 0ellTE~uZ INCHES DA/ALMINY = (e268E=-01 {CHOKED FLOW)

MACH VELOCITY N;lTV PRESSURE TEMPERATURE RE(P) FRECTICN
NUMBER FT/SEC LB-S:L FT4  PSIA VEG F FACTOR
0a511 5170 0.857E-32 54047 72.22 04265E+404 0+ 106E-CL
0525 5920 0.838E~02 53401 70.75 0¢265E404 04106E-CL
04540 609.4 CeBLTE-02 51453 69.09 0+266E+04 0.106E-01
Ue558 6028+ e T95E~0¢ 49.95 67418 Je266E+04 0.106E-01
Oebl8 6491 0.771E-02 48.25 64493 0+266E+04 0. 106€-01
Ge 601 6134 OeTanE-G2 46439 02426 0+26TE+04 0.106E~-01
Geb2% 13242 0«717E-02 44433 58+96 0e268E+04 D¢ 106E-Cl
0e663 737.5 0e084E=-02 41.98 5474 0+269E+04 0. 106E-C1
velCB 733 0+64bE-02 39.18 48.94 0.271E+04 0.+ 106€~Cl
0.776 85046 Je596E=-02 35453 39.79 0.275E+ )4 2. 1)6E-201
1.000 0+106E4+04 0.480E-02 26472 6406617 0+290E+04 0.107E-01
Hl = 0.133E-02 INCHES DA/DR = 0e125E-J1 ALPHA = ~0+100E-02 RADIANS

H2 = 0.1286-02 INCHES DAZAUMINY = 0.235E-01 (CHOKED FLOW)

MACH VELOCITY DENSITY  PRESSURE TEMPERATURE RE{P) FRICTION
NUMBER FT/SEC LB~SEC2/FT4  PSIA OEG F FACTOR
0e522 58942 0e853E-02 54400 Tleid 0+291E+04 0.107E-01
Ue535 6041 0e834E-02 5264 69.63 04292E+04 Je127€-CL
0551 6206 0.813£-02 51.19 6795 04292€E+04 0.107E-01
Qe 508 639.0 0eT92E-02 49.65 66402 0+292E+04 0.107E-CL
Ge588 6599 0+ 769E-02 47.98 63.76 De293E4J4 0¢137E-01
Qebll 68349 0+743E~02 46.17 61407 04294E+04 0.107E-01
0635 712.3 0e715€-02 44.15 57.78 0.295E+04 0.107€-C1
0e0672 T747.0 0e684E-02 41.85 53456 0+296E+04 0¢137E-01
0.7117 79240 0+646E-02 39.12 4T.80 0+298E+04 0.107€-C1
Ue784 6579 C+598E-02 35.56 38475 0+302E+04 0.107€-01
1.000 Ve lUoE+ 04 0.486E-02 27.02 6.667 0+318E+04 J.105€~- 21
Hl = u 142E-32 INCHES OA/DR = 0.119E-01 ALPHA = -04100E-02 RADIANS

H2 = « 137E=02 INCHES DA/A(MINY = 04207E-01 (CHOKED FLOW)

MACH VELGCITY OENSITY PRESSURE TEMPERATURE RE(P) FRICTION
NUMBER FT/SEC LB~SEC2/FT4  PSIA DEG F FACTOR
Ue534 6029 O0e847E~02 53.52 69.75 0+319E+04 0.105E-01
0548 611.7 0o B29E=02 52419 6824 00320E44 0.105€-01
0564 634.l 0.809E-02 50.78 66454 0+320E+04 04105E-GL
0e581 65243 0e788E-02 49428 64459 0+320E+04 0.105€-01
0e601 6729 Je766E~02 47.66 62432 0+321E+04 J.105E~01
Vo623 09646 0e741E-02 45.90 59.62 0.322€¢04 O¢ 105E-C1
Ue650 1244 0eTl4b=-02 43.94 56232 0.323E+04 0.+ 105€-Cl
0.684 15844 0«68 3E-02 41.72 52413 Je324E+)4 2. 135€E~01
0.727 dU2.3 Oe64TE=02 39.08 46442 04327E+04 0+ 104E-01
0.762 8662 0.601E~02 35.64 37.56 0+331E+04 0+ 104E-01
1.000 0+ 106E+C4 0e493E-02 2749 64667 0+34TE+D4 0.103E-01
Hl = o 152E-02 INCHES DA/UR = Q.l12€-01 ALPHA = -0.100E-02 RADIANS

H2 = « L4TE~UZ INCRES DAZA(MIN) = 0.183E-01 (CHOKED FLOW)

MACH VELGCITY DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
NUMBER FY/SEC LB=-SEC2/FT4  PSIA DEG F FACTOR
Qe547 61642 0.842E-02 53.04 68440 Ve348E+04 0.103E-01
0e561 6308 0e824E-02 Slel6 66488 2+34BE+04 0.103E-01
Qen76 64649 0.805£-02 50439 65417 0+348E+04 0.103E-C1
Ce593 664 .9 0+78%€-02 48493 63421 0e349E¢04 0.103E-01
0.612 68542 0.763E~02 47.37 60493 Je349E¢04 0.123E~-01
0e€35 7C8.4 0.739E~02 45.606 58423 0.350E+0% 0+103E~Cl
0e661 135417 0.713€-02 43.76 54.95 04352E+04 0.103E-01
Cab94 76540 0.683E-02 4l.ol 50479 0+353E+04 0.102E-CL
0e737 8117 0e649E-U2 39.05 454106 0+356E+04 0.102E-01
Ce800 8713.7 0+604E-02 35.73 3648 J+360E+04 2.102E-C1
1e000 Vs 106E+ 04 0e499E=-02 27.76 6.667 0.378E+0% 0.101E-O1
Hl = 0.163E-02 INCHES VA/UR = 106E~01 ALPHA = =0.100E-02 RADIANS

H2 = Ue158E~02 INCHES DA/A(MINY = 0.1625-31 {CHOKED FLOW)

MACH VELOCITY DENSITY PRESSURE TEMPERATURE RE(P) FRICTION
NUMBER FT/SEC LB=-SEC2/FT4  PSIA DEG F FACTOR
Je558 628645 C.837E-02 52400 6712 0e376E+04 0.101€~Cl
UebT2 a43e0 0.820€-0¢ 51455 65.60 0.377€+04 0.101E-01
Ge5H1T 6569 CeB801LE-O¢ 50402 63.87 0e37TE+04 0+131€-01
Oenl4 676> JeTd1E~D2 48461 6191 0+378E¢04 0.101E-C}
Ve€23 096+ Ve 160E~02 47.08 59.63 0+378E+04 0.101E-C1
Oetad T19.3 0.737E-02 4543 5694 0+379E+04 0.101E-C1
Jdebll Tubel JeT1LE=D¢ 43.59 53467 0.38LE+04 0.101E-01
Ce 7G4 7760 JebB3E~U2 41.50 49.55 04382E+04 0. 100€-01
Uelub 82043 0e630E=-02 39.03 44.00 0.385E¢04 0+100E-01
Denll 88044 JebJ6E=02 35481 35449 J+4390E+04 0.100E-ClL
1.000 Ue LOGE¢C4 09U 2E=-0¢ 28.08 6.0667 0.408E+04 0.988E-C2
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TABLE I. - PARAMETERS CALCULATED BY AREAX

Parameter Formula? Units
SI U.S.
Gas constant 4 - Universal gas constant J kg -K 1bf-ft
Molecular weight 1bm-"R
Seal surface area A= n(Rg - R%) m2 in.2
Flow length AR = R2 - R1 m in.
1+ Ry
Flow width (mean) W=21—= m in.
2
Mass flow rate M - Whpu kg /sec 1bm/min
Volume flow rate Q= clM secms scfm
Reynolds number due bRe(r) = pVh ‘/’,T
to rotational flow
2.96 M
Knudsen number Kn = ——— 13X
Re(p)
Mean free path A =Knxh m in.
R . - c Tl'5
Viscosity of air baip = 2 N-sec/mz lbf—sec/‘m.2
(Sutherland's law) T+ cg
2
Power uAV“/h w hp
Apparent temperature cy X Power
. AT =% K °r
rise due to power Me
dissipation p
Shear heat H = cg X Power w Btu/min
Torque Power /Speed N-m ft-l1b
AR
Seal opening force F=W / P - Ps)dx N lbf
0
W AR
Center of pressure X, = (P - Po)x dx m in.
c g 0 3
Axial film stiffness S = ~dF /dh N/m 1bf/in.

AConstants in equations are as follows (for Si and U.S. units, respectively):
¢, = 5.051554x107 (13.083); c, = 1.4591x107° (1.57639x10~10);
Cq = 110.33333 (198.6); Cy = 1.0 (42.42); and Cg = 1.0 (42.42).
here p is density at midseal, | is viscosity at midseal, and V is
mean rotational velocity.




TABLE II. - VARIABLES IN NAMELIST /SEAL/

Variable Description Units
name
SI U.s
RINNER | Inner radius of seal m in.
ROUTER | Outer radius of seal m in.
RDIFIN | Flow length m in.
MOLWT | Molecular weight
CcP Specific heat J/kg-K | Btu/Ibm-°R
MUIN Reservoir viscosity. The program will calculate MUIN N-sec/m2 lbf-sec/in.2
for air but not for other gases.
GAMMA | Ratio of specific heats
SPEED Rotational velocity rps rpm
CAPV Seal-face speed m/sec ft/sec
XLAM Exponent in friction factor - Reynolds number relation |--=--e-== [ ~ccccaaaaa-
for laminar flow (eq. (22))
XTURB | Exponent in friction factor - Reynolds number relation |------=-- | —memmmemanm
for turbulent flow
CONLAM| Constant in Iriction factor - Reynolds number relation | ---cecece [—mmcaacoomo
for laminar flow
CONTRB | Constant in friction factor - Reynolds number relation | ----—-=-- [ c==emmemace
for turbulent flow
RELAM | Maximum Reynolds number for laminar flow | ~==<emmee | mcmcmceaaan
RETURB | Minimum Reynolds number for turbulent flow = = = |-ccccmesa | cocmmaanan
PWRSKP | Logical variable. If it is set to .TRUE., calcula- = |=sccecem=e |oacacoaceaan
tions involving power are omitted.
NRMSKP | Logical variable. If it is set to .TRUE., normal- = |---cee=ce | cccmacana—-
ized values of F and X, will be omitted.
PRSSKP | Logical variable. If it is set to . TRUE., printout of | -c-ccmeno | cocceanena-
distributions across face of sealof P, T, p, u, M,
T, and Re will be omitted.
PLTSKP [ Array of logical variables. If any element is setto  |----cmoon | ocomcccnna-
.TRUE., the corresponding plot will be omitted:
PLTSKP(1) applies to plot of power against h.
PLTSKP(2) applies to plot of X, against h.
PLTSKP(3) applies to plot of F against h.
PLTSKP(4) applies to plot of P against x.
PLTSKP(5) applies to plot of T against x.
PLTSKP(6) applies to plot of p against x.
PLTSKP(7) applies to plot of M against x.
PLTSKP(8) applies to plot of Reynolds number
against Xx.
PLTSKP(9) applies to plot of mean friction
factor against x.
NSI Numerical indicator for units. NSI = 1 means SI

units. NSI = 2 means U.S. units.
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TABLE III. - VARIABLES IN NAMELIST /HDATA /

Variable Description Units
name
SI |U.S.

HMEAN | Mean film thickness m in.
ALPHA | Tilt angle rad | rad
NJ Number of film thicknesses —— | =---
JDONE | Number of film thicknesses for which | --~ | ==--

cards were punched in previous

running of program

TABLE IV. - VARIABLES IN NAMELIST /RESDAT/

Variable Description Units
name
SI U.S
P1IN Gas pressure at inner radius N/m2 1bf /in
P2IN Gas pressure at outer radius N/m2 1bf /in
PRIN Ratio of sealed-gas pressure to ambient pressure, = | =====| ~====-=
P0 /P3
TOIN Sealed-gas temperature (upstream reservoir temper- K OF
ature), T0
LOSS Entrance velocity loss coefficient =} ===-- | ommee—-
INCODE |Input code. For running many cases withone | =====| -~=-ce-

loading of the program, the input code tells

the program what new data are expected for

the next case:
INCODE = 1 means a new title card is expected.
INCODE = 2 means new SEAL data are expected.

INCODE = 3 means new HDATA data are expected.
4 means new RESDAT data are expected.

INCODE

1l




TABLE V. - INPUT DATA FOR SAMPLE PROBLEM

cc

2.6 | 7-12 {13-18 {19-24 {25-30 |31-36 |37-42 | 43-48 | 49-54| 55-60| 61-66 | 67-7273-80

SAMPLE| PROBUEM - d EA EXPANSION PRUGRAM - SI UNITTS

$SEALl RINNER=,082/931, UTER=L0B42(l, RDIFIN=0., MOLWT=28.9p6s CPFlU04.[16,
CAMMAEL .4, IMULIN=0ley SPEHED=0.,| CAPV=60.96,| XLAM=[loy XTURB=.25+ CUNLAM=24l,,
CONTRB=.079, RELAM=2330., RETURB=3000., RSKP=F, PRS[SKP=F,| NRMSKP=F,
PLTSKP=9%F,| NSI=1], WIDTH=0. $

$HDA HMEAN=.T762E~5,14016E~5 1. 270E-5,1.524E=5y 1. TT8E~5+2.P32(-5/s2.286€~5,
2.540E =592 J794F-5, 3. 048E-5,3302E-F13.556[€-543BLlUE-5 4. 064E-5,6%e,
ALPHA=20%=.01l, NJ=14, [JLCONE=l4 §$

$RESDAT PlIN=448159.22, P2IN=[t103423.59, PRIN=0.}y TOI 311.1?111, 0SS=1ljey
INCCOE=1 $

SAMPLE PROBLEM |- ARE EXPA#SION ROGRAM - U. [S. UNITS

$SEAY RINNHR=3.245, RCUTER=3.[315, RDIFINHO., WIPTH=C.y MOLWT=28.966, CPA=.24,
MUIN=0., GAMMA=1.4, CAPV=200.y SPERU=0., [XLAM=1l., XTURB=.25, CUNL|AM=24.|,
CONTRB=,079, RELAM=23( RETURB=3300., PMWRSKPSF, NRMSKP=F, PRSSKP=F,
PLTSKP=9%T, NSI=2 $

$HDA HMEAN=4 3E—43, e 4E3 44 5E~34.6E43, « TE—3,.8E~3, . 9E-341.0E3,1.1fE-3,1,2E-3,
1le3E391e4E-3,1596-3,1.06E-3,6%0,, PHA=20%-,00Ly NJ=L4, JDONE=14 $

SRESDAT PLlIN=65., P2IN=15., quN=0 y TOINF100.4f LOSSHl., INCODE=L $ l
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TABLE VI. - PARAMETERS IN COMMON BLOCK/ARRAYS/

Array | Symbol Array Description B
dimension
1 X (11) Distance across face of seal
2 P (11, 20) Pressure
3 M (11, 20) Mach number
4 u (11,20) | Leakage flow velocity (x-direction)
5 T (11, 20) Temperature
6 p (11, 20) Density
ki Re(p) (11, 20) Pressure-flow Reynolds number
8 T (11,20) | Mean friction factor
9 h (11, 20) Film thickness
10 Yc (20) Dimensionless center of pressure
11 (20) Power
12 F (20) Force
13 S (20) Axial film stiffness
14 F (20) Pressure profile factor
15 hl (20) Film thickness at entrance
16 h2 (20) Film thickness at exit
17 (20) Tilt angle
18 hm (20) Mean film thickness
19 x* (20) Choking flow length
20 p* (20) Choking pressure
21 A* (20) Area at point of choking




TABLE VII. - PARAMETERS IN COMMON BLOCK /CONSTS/

Word Symbol Description
1 ¥ Ratio of specific heats
2 AR Flow length
3 R0 Radius of seal at entrance
SIGN If SIGN > 0, flow is radially outward; if SIGN < 0,
flow is radially inward.
4 n, Exponent in friction factor - Reynolds number relation
for laminar flow
5 n, Exponent in friction factor - Reynolds number relation
for turbulent flow
6 kl Constant in friction factor - Reynolds number relation
for laminar flow
T kt Constant in friction factor - Reynolds number relation
for turbulent flow
8 (Re) Z Upper limit on Re for laminar flow
9 (Re) ¢ Lower limit on Re for turbulent flow
10 TO Sealed-gas-reservoir temperature
11 PO Sealed-gas-reservoir pressure
12 P3 Ambient pressure
13 Pt ol Pressure tolerance to stop iteration on exit pressure
for subcritical flow
14 Gas constant
15 CL Entrance velocity loss coefficient
16 Ko Sealed~gas-reservoir viscosity
17 7 3.1415927
18 au(z) Universal gas constant
19 CNVT(11,2) Constants needed for internal calculations
20 NSI Numerical indicator for system of units being used:

NSI = 1 means S units; NSI = 2 means U.S. units,
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TABLE VII. -~ CONSTANTS FOR INTERNAL CALCULATIONS

Word Variable to which Word Variable to which
in array constant applies in array constant applies

CNVT CNVT

1 Sutherland's law ki Power

2 Sutherland's law 8 Shear heat

3 Speed 9 Torque

4 Mass flow rate 10 Density

5 Standard volume flow 11 Velocity

6 Reynolds number

TABLE IX. - PARAMETERS IN COMMON BLOCK /TRAYS/

Array | Symbol Array Description
dimension
1 N (1) Number of grid points
2 X (101) x-grid points
3 M (101) Mach number at each x
4 h (101) Film thickness at each x
5 NJ (1) Index of film thickness for which
solution is being found
6 r* (1) Temperature at choking
l‘-Sea|ing dam Sealing dam

\ inside diameter

\
i
) Sealing dam length
— (radial width, AR)

// ‘: outside diameter

i

NN

===k
\ ~ T {

< PALgl |

~
~

i %%L_
/ 47

]
\T ,1 |
h(x) y
TP + dP)A + dA) I P2

Ambient sump
region, Py

Entrance region, Pl‘/ [ 7 BN L
Rl +0/2 ~ 'l'w dAW
r—— X ——ed (X Rz
o' u u+du
T T+dl
P P+dP
M M+dM

Figure 1. - Model and notation of sealing faces, including control volume for quasi-one-dimensional flow

with area change,




Inner
cavity —~

Outer .~
cavity—~ i

Y
/0 | EEZT’TT

Figure 2 - Mode! of sealing dam with small tilt angle (not to scale).
Sealed gas is in inner cavity region; upper ring removed for
clarity in top view.

N’
Station: e et

Figure 3. - Lengths and stations used in analysis. Subsonic case with

negatively tilted surface and radial inward flow situation is shown.
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Figure 5. - Computer plots for sample problems, evaluated at film thickness of 12.7 micrometers (0.5 mil).
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REYNOLDS NUMBER

MEAN FRICTION FACTOR
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Radial distance, x, in.

.050

.040

.030

.020

.010

Mean film Flow regime

thickness,
hm.
um (mil)
o 2.510.1) Subcritical
0 5.1 (.2) Critical
a 7.6 (.3) Supercritical
o 127 (.5) Supercritical
o 127 (.5) Supercritical - Parallel-film,
variable-area analysis
————— 2.5 (1) Subcritical Parallel-film,
———12.7 (.5 Supercritical | constant-area analysis
15
I ¥4
— §.1
o
- g.07
c
z
— S .05
=
b=
— & .02
- L L L | L

Pressure, P, Nicm? abs
L 1 | I l |

1 |
0 20 40 60 80 100 120 140 160

U a 80 120 160 200
Pressure, P, psia

Figure 8. - Results obtained using variable-area approximate
analysis for pressure distributions. Positive 2-milliradian
tilt; conditions represent subcritical, critical, and super-
critical flow; mean film thicknesses, 2.5, 5.1, 7.6, and
12.7 micrometers (0.1, 0.2, 0.3, and 0.5 mil); sealed-gas-
reservoir gressure, 148 Niem2 (215 psial; exit pressure,
10. 3 Nfcm¢< (15 psia); sealed-gas-reservoir temperature,
700 K (800° F); inner radius, 8.300 centimeters (3. 265 in. k
outer radius, 8.410 centimeters (3.315in.). Also shown
are comparable parallel-film cases.

NASA-Langley, 1974 E1-T241
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